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PREFACE 


The Seventh National Conference on Electron Probe Analysis has been expanded to a 
full five days to provide the most comprehensive meeting held to date. The factors behind 
the expansion are simple. First, the highly successful tutorial session initiated last year 
by the Sixth National Conference Committee is not only being held again, but is being 
expanded to include individual workshop sessions. Second, based upon advice from the 
executive council, one day is being devoted to scanning electron microscopy. Last, but 
not least, the large number of invited papers reflect the expanding scope of the meeting, 
as well as of the Society. 


No conference can succeed without the aid of a large number of people. The help and 
assistance of the Northern California Microprobe Users Group, the hosting EPASA affiliate, 
is greatly appreciated. The willingness and dedication of individuals such as Dave Kyser 
- vice chairman, Ralph Gutmacher - arrangements, Gordon Cleaver - printing and publicity, 
and Herman Rosenbaum, Ted Lannin - program, can never be fully appreciated or realized. 
A special thanks to the employers of all the individuals who have contributed to the 
Conference for allowing these people to participate. 


The companies who are exhibitors at the Conference have once again shown their faith 
in the Society by signing up in greater numbers than ever before. Needless to say, the 
success of each conference depends greatly on their participation. 


On behalf of the Seventh National Conference Committee and the National Society, | 
would like to extend our thanks to the authors of the papers to be given at this Conference. 
Further expansion of the Society depends upon its members. We sincerely hope that the 
papers given at this Conference provide the stimulation to meet this end. 
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MEETING ANNOUNCEMENT 
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P.O. Box 1663 
Los Alamos, New Mexico 87544 


Exhibitors should contact: 


Fred G. Kettlekamp 
Professional Associates 
6710 Clayton Road 

St. Louis, Missouri 63117 


STUDENT AWARD PAPERS 


JEOLCO AWARD 


K. Y. Chiu - Abstract # 14 
University of Sourthern California 


EPASA AWARDS 


B. J. Panessa - Abstract #20 
New York University 


H. C. Marciniak - Abstract #27 
University of Southern California 


R. R. Warner - Abstract #41 
University of Rochester 


T. E. Keller - Abstract #80 
Case Western Reserve University 


PROGRAM 


SEVENTH NATIONAL CONFERENCE ON ELECTRON PROBE ANALYSIS 


MONDAY JULY 17, 1972 
TUTORIAL SESSION 


Imperial Ballroom 
T. E. Lannin, H. S. Rosenbaum, Co-Chairmen 


8:00 AM Registration - West Lounge 

10:00 Introductory Remarks by D. R. Beaman, President-Elect EPASA 

10:10 "The Generation and Detection of X-Rays in the Electron 
Microprobe and Scanning Electron Microscope"; Eric Lifshin - 
General Electric Company. 

10:50 "Data Collection and Reduction. (a) MAGIC IV Computer Program, 
(b) Resolution Enhancement of Spectral Emission"; John Colby - 
Bell Telephone Laboratories. 

11:30 Lunch 

1:30 PM “Applications of Soft X-Ray Analysis"; Eugene White - 
Pennsylvania State University. 

2:10 "Techniques for Electron Probe Analysis of Biological Samples": 
James Coleman - University of Rochester-Medical Center. 

3:00 Workshop at conclusion of Session 

7:00 Executive Council Meeting - Toyon Suite 

TUESDAY JULY 18, 1972 
SESSION | - KEYNOTE 
Imperial Ballroom 
David B. Wittry, Chairman 
9:00 AM Introduction by EPASA Officers 
1 9:15 INVITED PAPER: "The Use of Electron Beams for Characterizing 
or Understanding Materials"; L. Marton - Smithsonian Institution. 
2 9:40 INVITED PAPER: "Characterization of Material Surfaces by 


Scanning Electron Microscopy"; W. C. Nixon - Engineering 
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—. F. Holdsworth - Arizona State University. 


37 10:35 "lon Microprobe Analysis of Small Particles"; M. A. Bayard - 
W. C. McCrone Associates, Inc. 
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Laboratories, R. L. Lewis - Cameca Instruments. 
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Analysis"; R. B. Lyons, R. Ruscica, A. W. Cook and 
R. Bundtzen - Arctic Health Research Center. 


43 2:10 "Thickness and Mass Thickness Measurements Within Biological 
Sections": J. W. Edie and U. L. Karlsson - University of 
lowa. 

44 2:25 "Calcium Transport in the Small Intestine"; R. R. Warner 
and J. R. Coleman - University of Rochester. 

2:40 Intermission 
45 3:00 "Secondary lon Microanalysis of Biological Tissues"; 


A. J. Tousimis - Biodynamics Research Corporation. 


46 3:15 "Trace Metal Analyses of Human Serum with an Electron 
Probe Micro Analyzer"; P. S. Ong, P. K. Lund and W. M. Conrad - 
University of Texas. 


47 3:30 "Electrolytes in Cells of Biologic Tissues"; A. J. Tousimis - 
Biodynamics Research Corporation. 


48 3:45 "Elemental Analysis of Refractile Bodies in Amoeba Proteus’; 
J. R. Coleman, R. R. Warner and J. R. Nilsson - University 
of Rochester. 


4:00 END SESSION 


7:00 Banquet - Continental Ballroom, 1 through 5 
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W. D. Donnelly, Chairman 


49 1:00 PM INVITED PAPER: "Application of the Electron Microprobe in 
Geology"; K. Keil - University of New Mexico. 


50 1:35 "Microprobe Analysis of Glasses in Lunar Soils"; R. W. Brown, 
W. I. Ridley, J. L. Warner and A. M. Reid - NASA Manned 
Spacecraft Center. 


51 1:50 "Intracrystalline Variations of Major and Minor Elements in 
Lunar Pyroxenes"; A. E. Bence - State University of New York. 


52 2:05 "Vapor Phase Crystallization in Lunar Breccias"; D. S. McKay, 
U. S. Clanton and G. H. Ladle - NASA Houston Space Center. 


53 2:20 "tow KeV Analysis of Silicate Minerals Using Pure Element 
Standards"; G. Cunningham, T. Palmer, K. Snetsinger and 
M. Blanchard - NASA-Ames Research Center. 


5A 2:35 "Electron Probe Investigation of Hydrogen-Induced Blisters 
and Internal Cracks in tron"; 1. M. Bernstein - 
Carnegie-Mellon University and J. L. Bomback - United States 
Steel Corporation. 


2:50 Intermission 


55 3:10 "Examination of Medium Rank Coals by SEM"; L. F. Vassamillet - 
Mellon Institute of Science. 


56 3:25 "Examination of Low Grade Uranium Ores by Electron Beam 
Techniques"; G. S. Maurer, L. F. Vassamillet and T. B. 
Massalski - Oberlin College. 


57 3:40 "Electron Microprobe Techniques for Determination of the 
Oxygen Potential in Irradiated Mixed Oxide Fuels"; 
C. E. Johnson, C. A. Seils, and M. S. Foster - Argonne 
National Laboratory. 


58 3:55 "Interdiffusion Between Uranium Dioxide and Uranium-Plutonium 
Dioxide During Irradiation;" E. M. Butler, R. O. Meyer and 
D. R. O'Boyle - Argonne National Laboratory. 


59 4:10 “Microanalysis of Fission Products in Uranium or 
Uranium-Plutonium Irradiated Oxide Fuels"; J. Bazin, 
M. Perrot, N. Vignesoult, C. Conty and J. Guernet - 
Commissariat a I'Energie Atomique. 


60 4:25 "Electron Probe Analysis of Corroded Cr-Ni Alloys in 
Combination with a Light Optical ZnSe Interference 
Method"; A. P. von Rosentiel - Metaalinstituut TNO, 
Deift-Nederland and A. G. van Zuilichem - 
Koninklijke/Shell-Laboratorium, Amsterdam. 


61 4:40 "Bonding in Porcelain Enamel-Metal Systems"; J. B. Woodhouse 
and A. |. Nedeljkovic - University of Illinois. 
4:55 END SESSION 
7:00 Banquet - Continental Ballroom, 1 through 5 


FRIDAY JULY 21, 1972 
SESSION VII - AUTOMATED AND COMPUTATIONAL TECHNIQUES 


Imperial Ballroom 
David Kyser, Chairman 


62 8:30 AM "Location and Identification of Small Particles Within 
Large Samples"; J. Gavrilovic - Walter C. McCrone Associates, Inc. 


63 8:45 "Measurement and Analysis of Scanning Electron Microscope 
Images": Roger R. A. Morton - Bausch and Lomb, Inc. 


64 9:00 "Quantitation of SEM and Electron Probe Images with the 
Quantimet 720"; R. A. Swenson, B. C. Partridge and R. H. Heil - 
Image Analyzing Computers, Inc. 


65 9:15 "Electron Microprobe Automation: X-Ray Peak Location"; 
F. Kunz and E. Eichen - Ford Motor Company. 
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10:00 
10:15 


10:30 


10:45 


11:00 


11:15 


11:30 


11:45 


12:00 


1:30 PM 


"An Automated Crystal Spectrometer System for Qualitative 
Microprobe Analysis"; E. Lifshin - General Electric Company, 
Schenectady. 


"Microprobe Analysis Integrated Automation Computer System"; 
J. W. Colby - Bell Telephone Laboratories. 


Intermission 


"Computer Automation of an Electron Microprobe"; L. W. Finger 
and C. Hadidiacos - Carnegie Institution of Washington. 


"The Program CYCLOPS for the Quantitative Analysis of 
Electron Microprobe X-Ray Data"; H. R. Thresh and 
T. E. Keller - Chase Brass and Copper. 


"Improved Deconvolution Technique to Study Electron 
Microprobe Concentration Profiles"; Z. Mencik - Ford Motor 
Company. 


"Nonparametric Analysis Applied to the SEM and Microprobe 

Study of Induced-Arc and Resistive Welds"; A. J. Saffir - 

University of the Pacific and D. |. Zenobia - Precision Metallurgical 
Company. 


"The Effect of Carbon Film Thickness on the Intensity of 
Selected Ka Radiation"; J. F. Villaume, D. M. Kerrick and 
L. B. Eminhizer - Pennsylvania State University. 


"Mirror-Mode Electron Probe Microanalysis"; J. Ordonez and 
E. K. Brandis - IBM Components Division. 


“Microprobe Technique for Determination of Thickness and 
Phosphorous Concentration of Gate Oxide Phosphosilicate 
Glass in FET Devices"; Guilio Di Giacomo - IBM Components 
Division. 


END SESSION 
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“Background Subtraction for Energy Dispersive X-Ray 
Spectra"; J. C. Russ - EDAX Laboratories. 


"Mathematical Smoothing of X-Ray Fluorescence Spectra"; 
M. W. Vannier and L. V. Sutfin - Orthopedic Research 
Laboratories. 


"An Approach to Quantitative SEM Analysis"; H. P. Hotz - 
Qanta/Metrix. 


"Escape Peaks in Si(Li) Detectors"; J. B. Woodhouse - 
University of Illinois. 


"A Method for the Automatic Location and Identification 
of Peaks Observed in Energy Dispersive X-Ray Spectra": 
T. E. Keller and H. R. Thresh - Case Western Reserve 
University. 


"The Rapid Identification of Microconstituent Phases in 
Commercial Silicon"; A. F. Kolb and D. R. Beaman - Dow 
Corning Corporation. 


"Retrospective Identification - The Analysis of 
Microspheres"; H. Edward Mishmash - 3M Company. 


"NbC Microprobe Reference Materials - An Effort in 
Development"; F. W. Postma, Jr. and James E. Ferguson - 
Union Carbide Nuclear Corporation. 


END SESSION 


FRIDAY JULY 21, 1972 


SESSION VIII B - LATE BREAKING DEVELOPMENTS AND 


1:30 PM 


1:45 


2:00 


SPECIAL INTEREST ITEMS 


Continental Parlors 7, 8, 9 
H. R. MacQueen, Chairman 


“New Apparatus for Analysis of Light Elements"; |. B. 
Borovskii - Baikov Institute of Metallurgy, Moscow 
(Tentative). 


"Auger Electron Spectroscopy in a Diffusion Pumped SEM"; 
E. K. Brandis and R. A. Hoover - IBM Components Division. 


“What Good is Microprobe Automation? Result of a Survey 
of Users"; H. G. Matthews - Canberra Industries. 


2:15 OPEN - Consult with Program Chairman in Advance to Arrange 
Contributions During this Time Interval. 


Executive Council Meeting - to be announced 
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The Use of Electron Beams for Characterizing or Understanding Materials, 
by L. Marton, Smithsonian Institution, Washington, D. C. 


When electron beams interact with matter, the interaction 
results in two classes of observable (meaSurable) effects. In 
one group we can look at the product of interaction in or around 
the substance itself; either changes wrought in the material or 
products issuing from it; and the conclusions about the material are 
the results of measuring these changes. In the second class belong 
all observations where our conclusions are derived from the 
measured changes in the properties of the interacting beam. The 
following tabulation gives a rough listing of the major observable 
changes. This tabulation is by no means complete, there are many 
cases where two or more effects combine and complete characterization 
or understanding results from linking together the various effects. 

The historical background of representative examples shall be 
given. It is possible in many cases to trace back the origins of 
current techniques to very modest beginnings. In the presentation 
of the historical details the logical order will follow more or less 


the order given in the tabulation. 
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CHARACTERIZATION OF MATERIAL SURFACES BY SCANNING ELECTRON MICROSCOPY 


W.C. Nixon 
Engineering Department 
Cambridge University 

England 


x-ray Microanalysis 


The areas considered to be within the scope of the 
Seventh National Conference of the Electron Probe Analysis 
Society of America show the breadth of interest of those members 
working with scanning electron beams which can produce much 
wider results than the original electron probe x-ray micro- 
analysers. Nevertheless, the spread of solid state energy 
dispersive x-ray detectors as simple attachments to scanning 
electron microscopes has ensured the central position of x-ray 
microanalysis in elemental characterization of material surfaces. 
Improved resolution of solid state detectors has brought most of 
the periodic table within reach and the large solid angle of 
collection means rapid point analysis or less noisy x-ray 
scanning images. When very thin specimens are used analysis of 
a single surface without the underlying solid is possible with 
improved spatial resolution. In particular, the solid state 
detector may be placed on the opposite side of the thin specimen 
from that first struck by the electron beam so producing the 
desirable combination of large solid angle of x-ray collection 
plus very short electron optical focal length. 


Cathodoluminescence 


Among other forms of signal produced at the specimen surface 
the electron induced emission of light has been widely used. 
In this case the elemental sensitivity is sometimes better 
than for x-rays due to the slight wavelength shift in light out- 
put for minute impurities. In addition, the quantity of light 
emitted by cathodoluminescence may be linked directly to the 
state of strain of the sample. In this way a cathodoluminescent 
image may give information about the past history of the specimen 
without the need for attached strain gauges during the straining 
process which with mineral samples could have taken place over 
a geological time scale. 
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Contrast 


Contrast and resolution are intimately linked in scanning 
electron microscopy but in many cases high contrast and high 
resolution do not go together. In particular, if a smooth surface 
is to be characterized contrast of any kind may be very low. 

Back scattered or, for shallow angles of impact, forward scattered 
electrons without energy loss may yield new information. The 
electrons that have lost some energy may be analysed or the low 
voltage secondary electrons controlled to show detail on the 
surface including geometrical features. Various forms of second- 
ary electron detector permit emphasis to be placed on this form 
of contrast selection which in some ways is analogous to point 
reference interference or Nomarski optical microscopy. Indeed, 
at very low magnification it is possible to see some features 

in the optical microscope that are very difficult to see in the 
scanning electron microscope unless this type of contrast 
enhancement is used. 


Signal Processing 


The same approach of secondary electron control will aliso 
give electrostatic and magnetic contrast from suitable specimens 
and this type of information is also part of a full character- 
ization of the material surface. Combined images with electronic 
processing of several channels of video signals can be used to 
show relationships between electrostatic and elemental information, 
for example. Signal differentiation, integration, addition, 
subtraction and other forms of channel mixing are all of value 
once the basic electron beam interaction has occured. A further 
understanding of electron scattering behaviour within the specimen 
surface is of help in knowing the exact point of origin of x-rays 
or secondary electrons. The Monte Carlo techniques adapted for 
use with the largest new computers are giving us a much more 
detailed insight into electron interaction with the material 
in question. 


Computer Analysis 


Small computers may be used on line to analyse the infor- 
mation produced by scanning electron beam systems to give 
quantitative stereological information about the surface shapes, 
areas, perimeters, etc. The third dimension is perhaps even more 
important and some progress has been made in measuring photo- 
grammetric details from stereographic pairs of micrographs. 
Recently, direct stereographic viewing has been demonstrated with 
the possibility of not only seeing the full solid surface without 
the need for photography but also measuring the third dimension 
directly by use of the electron optical analogue of the floating 
dot method in aerial mapping. 
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Computer Control 


Computer control of the electron beam before it reaches the 
specimen is now well established for microfabrication within the 
seanning electron microscope, either by electron resist exposure 
or direct metallic deposition. The position of the electron 
beam and the degree of beam blanking may be carried out at a rate 
of many megahertz. For other applications of scanning electron 
microscopy this same type of electron beam control may be of 
value. Computer programming by punched tape or other store 
permits electron beam exposure only where chosen with instantaneous 
movement from one part of the field to another. Analysis of a 
pre chosen electron path is then possible, either to increase 
the speed of information collection by only tracking the electron 
beam along a specific grain boundary, for example, or by positive 
avoidance of parts of a thin and electron sensitive specimen 
that might be altered by the larger beam currents used for 
adjacent x-ray analysis. 


Dynamic Events 


Dynamic methods of characterizing material surfaces are 
now more widespread with the universal use of TV scanning and 
special specimen stages for heating,cooling, stressing, straining, 
ete. Micromanipulation within the scanning microscope comes 
into this category where microhardness tests may be made on one 
micrometer or less of the surface in a calibrated manner. 
Electrical probing may be combined with electrostatic contrast 
or biological dissection carried out within the specimen chamber, 
Ion etching and surface coating are also possible in situ. 


Displays 


Newer forms of image display are being investigated such as 
the halftone storage tubes of the scan convertor type where a full 
range of grey Levels is maintained coupled with a slow scan input 
for good signal integration and fast TV readout for a flicker free 
display. Beam switching can give simultaneous display of two 
different magnifications or an image and its diffraction pattern, 
for example. 


Crystallography 


Crystallographic information from a specimen surface can s 
supply much further information to go with the topographic, elem- 
ental and mechanical properties already referred to above. 

Broad area scanning gives rise to a general erystallographic 

map of the surface and selected area beam rocking shows the 
crystal state over the same one micrometer region as analysed 

by the x-ray emission. Since x-ray production and back scattered 
primary emission are occuring simultaneously both signals can be 
collected and displayed at once. 
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Electron Optics 


All of these characterization methods depend on effective 
and efficient electron optical instrumentation. Electron sources 
are still being improved such as thermionic emission from 
lanthanum hexaboride. This type of electron gun is now of low 
wattage and is compatible with the normal scanning electron 
microscope vacuum, yet gives an improvement of a least ten times 
in beam brightness. This can be used for better operation in 
TV scanning, low voltage operation, less noise for the same 
photographic exposure, etc, Field emission sources are more 
difficult to handle but in some cases can give even higher 
brightnesses which may mean some improvement in resolution 
from solids. Electron lenses and deflection systems are also 
being studied and improved by computational methods using the 
finite element approach. In this way electron lenses have been 
designed for specific purposes such as long working distance, 
high take off angle, low leakage magnetic field at the specimen 
or very short focal length for tranmission. 


Conclusions 


The characterization of material surfaces by scanning 
electron microscopy involves and requires an understanding of 
the engineering of the instrumentation, the physics of the 
interaction and the psychology of image interpretation. The 
bandwidth of the modulation transfer functions of all the links 
in the communication chain from specimen preparation to final 
photographic viewing might appear to be impossibly limited if the 
subject were approached only from a theoretical standpoint. 
However, we know that apparently noisy x-ray micrographs can 
yield useful information when taken together with a scanning 
electron image of the same field. Similarly, restricting the 
number of lines per field can still produce interpretable infor- 
mation although the number of picture points might be considered 
too low by theory. By combining experimentation and experience 
with theory and imagination we can extract the maximum infor- 
mation from our specimen surface within a reasonable time, 
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The Correction for Absorption of Primary X-Rays 


K. F. J. Heinrich, H. Yakowitz, D. L. Vieth 
National Bureau of Standards, Washington, D. C. 20234 


Several analytical expressions (e.g. 1-4) have been proposed for the 
calculation of the absorption factor for primary radiation (f,, f(x)). 
These equations are derived from approximate, and sometimes uhrealistic, 
physical models; they are all complicated and usually require tabulation 
and/or machine calculation. As will be shown, such complexity is not 
warranted by the existing physical evidence or required for quantitative 
determination at presently attainable accuracy levels. 


It is commonly agreed that the absorption factor is dependent on the 
respective mass absorption coefficient, u, the x-ray emergence angle, y, 
the operating voltage, Eg, the critical excitation voltage, Eqs and the 
mean atomic weight and mean atomic number of the target, A* and Z*: 


f. = flyzn.cscy, E., E., A*, Z* 
p (xEn.cscy : EG ) 
The Philibert equation [1,2] with an "electron deceleration coefficient", 

o = C/(EN - EN), is frequently used to express this dependence. The equation 
can be written as follows: 


= = n n 
= 1, y= (EQ EQ") x) 


2 2; 
VF, = atayytaoy 3(a, 


According to Philibert, and Duncumb and Shields [1,2], 


; 142h 
i see 
(ith) (2+39x102) 
(h=1-2 a) 
Z 


dy = 
(Ith) (2+39x10~) 
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As reported previously [5], it is permissible, without serious consequences, 
and useful in empirical adjustment, to postulate that a9-0, so that 
1/fp-1 =ayy=aq (E9”-Eg”)x. 


This approximation permits a convenient analysis of experimental values for 
fo» which are thus characterized by the slope d(1/fp)/d *, The coefficient 
‘2 can 7 reintroduced at a later stage, if the absorptionlossis large. 
Fy<0-7 
p ° 


The factor h presumably describes the variation of the absorption law as a 
function of atomic number and weight. Philibert, as well as other authors 
[e.g. 3], have used a considerable spread of values for h. However, the 
need for an expression for the ‘atomic number effect on absorption" cannot be 
proven with the aid of available f(x) curves or by the analysis of standards. 
The following expression 
te -6,- 1-65 , 1°65 -14,, 1-65 1-65,2 2 

VF, 1+3x10 (E E, yy + 4.5x10 (E. = ES "x 
which contains no dependence on Z* and A* appears to be as accurate as the 
original Philibert equation, with Heinrich's o [13]. For moderate absorpticn, 
the last term can be neglected. 


The improvement over Philibert's original equation whiten is obtained with 
expressions for sigma of the type o = C{E," - E N)-! is usually attributed 

to the inclusion of the critical excitation potential E,. However, the effect 
of this inclusion is small except at low over-voltage: where E, is larger, 
the absorption correction is usually small, and vice versa. Therefore, a 
simple expression of the form: 


_ -6. 1°65 
Wig peal. Es 


does not produce serious errors in the absorption calculation. This means 
that Birk's concept of a universal absorption correction curve for each 
operating voltage [14] is quite effective provided that the parameters 

of these curves are well chosen. 


Duncumb et al. [2] have shown that the exact value of n in the expression for 

o is not critical if n is between 1.5 and 2, so long as the appropriate 
coefficient, C, is chosen. It is, in fact, difficult to extract much information 
concerning the value of n from the available experimental evidence. 


We have tested the efficiency of the following simple equation for the 
absorption factor 


. Se eae 
Vf, = 141-15x10(E°-E.”) x 
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which can be easily calculated by hand. Such a calculation is most 
useful in establishing appropriate excitation conditions. 


The largest deviations from the experimental results occur for short- 
wave radiation, (such as ULa or Moka), for which the absorption correction 
is typically insignificant. 
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“see Ref. [8], Specimen Analysis Certified by NBS 
*see Ref. [9], Specimen Analysis Performed at NBS 
toe Ref. [10], Specimen Analysis Certified by NBS 
** coe Ref. [11], Specimen Analysis Certified by NBS 


All concentrations in this table were calculated from program COR. 
This program uses mass absorption coefficients according to Heinrich, 
mean ionization potentials according to Berger and Seltzer [12], back- 
scatter factors according to Duncumb and Reed, and correction for 


continuous radiation due to Henoc. For further details of COR and specific 
references, see Ref. [13]. 


I Absorption correction according to Philibert with 


— 4.5x10°/(E,|°°-E | 65) see Ref. [13] 


II Absorption correction calculated from 


Ls 143x107°(E, 1°99, 1-99), " 4.5x107|4(E 19. 1.65)2 2 


tp q 


III Absorption correction calculated from 


<6: 1565 
F, 21 + 3x1077E, Px 


IV Absorption correction calculated from 


TV 2p aso re “<8. hy 
Fo 9) q 
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THE EFFECT OF THE MEAN DEPTH OF X-RAY PRODUCTION ON THE CONTINUUM FLUORESCENCE 


G. Springer 
Falconbridge Metallurgical Laboratories 
Thornhill, Ontario, Canada 


A procedure has been advocated by the author (Springer, 1967) to correct 
for fluorescence by the X-rav continuum in electron probe analysis. This approach 
is simpler to apply than a procedure used by Henoc (1962). Objections have been 
raised against some of the assumptions that lead to the simplifications and these 
will be dealt with in this context. 


Henoc assumed that the continuous X-radiation arises from a point at the 
surface of the sample whilst in the author's approach the origin was considered to be 
at the same depth as the characteristic radiation. This latter assumption leads 
to the cancellation of an absorption term and by further ignoring the continuum 
fluorescence in the part of the target between the mean depth of primary X-ray 
production and the surface, a substantially simplified expression for the correction 
of the continuum fluorescence can be derived. 


Obviously neither Henoc's nor the author's approach are entirely correct. 
But, as will be shown, the assumptions adopted by the author do not entail serious 
inaccuracies. Mathematical treatment of the problem reveals that a minor fraction 
of the measured characteristic X-ray intensity produced by continuum fluorescence 
comes from the surface layer of the target. Since the total continuum fluorescence 
correction hardly ever exceeds 5%, this fraction is generally within the limits of 
experimental error and can be neglected, which is very convenient because the 
surface portion of the fluorescence intensity is very difficult to compute. 


The other objection that will be dealt with briefly concerns the choice of 
the method to calculate the directly produced X-ray intensity; knowledge of this 
quantity is required for the evaluation of the continuum fluorescence correction. It 
will be shown that it is not necessary to introduce elaborate functions for electron 
back scattering and electron deceleration, since these effects are unimportant in 
this connection. 


The differences caused by the various degrees of approximation will be 
demonstrated for several elements. Furthermore, the calculated values will be 
compared with measurements published in the literature. It appears from the results 
that the originally proposed formula (Springer, 1967 and 1971) is adequate for most 
practical applications. 


1. Henoc, J. (1962): Etude No. 655, P.C.M., Issy-les-Moulineaux, France. 

2. Springer, G. (1967): Neues Jahrbuch f. Mineralogie, Abhandlungen, 106, 241-256. 

3. Springer, G. (1971): Proc. VI. International Congress on X-ray Optics and X-ray 
Microanalysis, Osaka, Japan. 
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A COMPARISON OF $(p2) CURVES MEASURED ON INSTRUMENTS 
OF DIFFERENT GEOMETRIES 


by 


J.D. Brown and L. Parobek 
Faculty of Engineering Science 
The University of Western Ontario 
London Canada 


The measurement of $(o92) curves provides primary experimental data for 
calculating the corrections to be applied to x-ray intensity data to 
obtain quantitative electron probe microanalysis. These curves can be 
measured using a sandwich sample technique first described by Castaing 
and Descamps. The technique has been used by other authors to 
establish the absorption correction,’’? the correction for fluorescence 
by characteristic lines,* and the atomic number correction.*® Few 
measurements have been made on probes with different geometries to 
establish the effect of geometry on these $(pz) curves and hence the 
quantitative corrections in electron probe microanalysis. Castaing 
measured his ¢(92) curves in an instrument in which the electron beam 
was inclined at an angle of 80° with respect to the sample surface. 
Brown* has described some measurements in which the electron beam was 
inclined at an angle of 60° to the sample and others have measured the 
o(p2) curves with the incident electron beam normal to the sample 
surface. 


Using the same set of samples which originally were prepared to examine 
the atomic number effect, the ¢(o2) curves were measured in three 
different instruments: a Cambridge Microscan in which the electron 
beam is normal to the sample surface and the x-ray take-off angle is 
75°; an Applied Research Laboratories Microprobe* in which the electron 
beam is again normal to the sample surface but the x-ray take-off angle 
is 524°; and finally, in a Materials Analysis Co. Microprobe in which 
the normal to the sample surface is inclined at an angle of 30° with 
the electron beam and the x-ray take-off angle 38.5°. 


* Measurements in the ARL Microprobe were made through the courtesy 
of the Industrial Laboratory, Eastman Kodak Co., Rochester, N.Y. 
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Figure 1 shows a comparison of the depth distribution measured on the 
Microscan and ARL microprobes. Corrections have been made for 
absorption in the sample and the excellent agreement between the sets 
of data is a good indication that, first, the thicknesses of the 

matrix layers as well as the mass absorption coefficient are accurately 
known and, second, that the intensity distributions are indeed known to 
an accuracy Of approximately 1%. Figure 2 shows a comparison of the 
Microscan data with that from the Materials Analysis Microprobe. Both 
distributions have been corrected for absorption but no adjustment has 
been made for the inclined specimen. The decrease in average depth of 
x-ray generation for the inclined specimen is clearly seen. These 

data are extremely important in establishing the proper form for the 
absorption correction when applied to data from microprobes with an 
inclined specimen. 
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PRACTICALITY OF MONTE CARLO TECHNIQUE TO QUANTITATIVE 
MICROANALYSIS IN INCLINED TARGET 


by 


R. Shimizu, K. Murata and N. Nishigori 
Department of Applied Physics, Osaka University, Suita, Japan 


N. Fujino and T. Shiraiwa 
Central Research Laboratories, Sumitomo Metal Industries, Ltd., Japan 


Although the quantitative microprobe analysis has been widely used, some 
problems still remain unsolved. One of them is necessity of further investi- 
gation on the uncertainty of the absorption coefficients, specifically, for 
characteristic X-rays of light elements, and the other is to develope a more 
general correction procedures applicable to the case of oblique incidence as 
well as that of normal incidence usually found in common electron probe micro- 
analysers of commercially available types. 


In the present paper the rotating inclined target method") has been adopted 
to access the practicality of the correction procedures by Monte Carlo 
technique, and it is intended to examine the adaptability of the values of 
absorption coefficients published by different authors from standpoint of 
quantitative analysis. 


In practice the quantitative microanalysis in the inclined target, is becoming 
more important in the SEM with X-ray spectrometer in which the specimen 
surface is usually inclined against the incident beam. Monte Carlo technique 
has been successfully utilized for the normal incidence (2), and has potentiality, 
in principle, to be easily applied to a particular boundary condition, e.g. 
inclined target. Hence the first investigation was attempted to access the 
practicality of the Monte Carlo technique to the more generalized quantitative 
corrections covering the inclined target. Such an application is also of interest 
in the sense that adaptability of the model of the calculation can be discussed 
more widely. 


We also carried out the practical analysis by the rotating inclined target 
method measuring intensity from the alloy targets of the known composition at 
various take off angles. Procedures of calculation and experiment are given 
below. 
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Theoritical; 

The Monte Carlo calculation is the same as that already published(3), namely 
it is based on the Lewis' multiple scattering theory which is modified to be 
applicable to compounds. The theory is given by the following equation, 


ee ee 
f (6) ate (22 +1) Pe (SB) 2xP C- ack AS ) 
where 
Koz = 27CNn ("Sever Ll Pe cus®)] sin& - de 
6u6): single scattering cross section. 


For energy loss we used the Bethe's i. a as following, 


dé _ _ 2e* Nae 2 1.166 E 
A(¢S) 2 een At = Ln iB 


The calculated results of f({)-curves for Fe-Al alloy (Al 24. 09wt%) and pure 
Al at 30 KV are shown in Fig. 1 with the result of normal incidence. In order 
to leave the fluorescence correction out of consideration, which is not directly 
related to the argument on the Monte Carlo simulation of the electron behavior 
in the target, the experiment was made for the elements of Z<30, and in this 
paper the examination on Fe-Al alloy and Cu-Al alloy is described, 


Experimental; 

The schematic diagram of the experiment is shown in Fig.2. The inclined 

_ target was rotated around the axis of electron beam instead of rotating the 
spectrometer to detect the X-rays at various take off angles in the Shimadzu- 
ARL-7 channel type EMX. The rotation axis is fit to the focus point of the 
electron beam and the deviations of the irradiated point from the axis of rotation 
were confirmed to be less than several microns by the examination of the 
contamination under optical microscope. Denoting ¥ the angle of rotation 

and as the take off angle of the instrument for the horizontal plane (52.5°), the 
take off angle V of X-rays for a given angle of rotation Y can be derived from, 


Stn Y= Sinl, sin ® — cS Uy cos $ COS & 


where @ is the angle between specimen surface and electron beam axis. 

In the present experiment WU is 52.5°. Intensities of Characteristic X-rays 
were measured at several points between 0° and 180° of the rotation angle. 
Typical measurements by this rotating inclined target method are shown in 

Fig. 3. Making quantitative correction by Monte carlo calculation to each datum 
one can access both the validity of Monte Carlo simulation and the influence of 
the uncertainty of absorption correction systematically. 
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The discrepancy in the quantitative analysis incurred by the difference in 


the absorption coefficient and the accuracy of the Monte Carlo quantitative 
correction procedures will be discussed. 
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Fig. 1 Calculated f(x%)-curves of Al Ki X-rays in pure Al and Fe-Al alloy 
( Al 24. 09wt% ) target 
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The Solid Solubility of Gd, Tb, Dy, Ho, Er and Yb in 
Me: Systems with a Large Atomic Number Correction. 


D. R. Beaman, L. F. Solosky, D. Mizer and B. C. Peters 
Dow Chemical U.S.A. 
Midland, Michigan 48640 


The solid solubility of several rare earth metals in Mg was deter- 
mined using the electron probe. A eutectic reaction occurs on the 
Mg-rich side of the phase diagram for Mg alloys containing Gd(Z=64), 
Tb(Z=65), Dy (Z=66), Ho(Z=67), Er(Z=68) and Yb(Z=70). The following 
characteristics were determined for each alloy system: the eutectic 
solubility, the solid solubility of the rare earth metal in Mg from 
the eutectic temperature to 260°C, the eutectic temperature, and the 
composition of the intermetallic compound. The samples were prepared 
by melting, casting, extruding for homogeneity, and heat treating in 
Argon at high temperatures and in an oil bath at low temperatures for 
long times near and below the eutectic temperature. Following metal- 
lographic examination, samples with the appropriate structure were 
examined in an electron probe operated at 15 kV with a take-off angle 
of 18°. The analyses were straightforward for samples heat-treated 
at and above 427°C but more ambiguous for lower temperatures because 
of the small size and fine distribution of second phase, 


The solvus determinations shown in the figure indicate good results 
in all systems except Ho. The eutectic solubilities and inter- 
metallic compound compositions are given in the table. Note that 
there are some wide discrepancies between these results and those 
previously reported,!>2 The compound data indicate a broad composi- 
tion range, and any dependence of the compound composition on temper- 
ature was obscured by the experimental precision. The compound in 
the Mg-Gd system has not been identified by x-ray diffraction but 

Mg Gd (41.7% Gd in reference 1) appears unlikely in view of the Ee 4 
Cd measured; the broad ranges of composition encountered precludes 
identification on the basis of chemistry. 


These materials are interesting from a theoretical point of view 
because: 1) The atomic number and absorption corrections can be 
studied in the absence of characteristic and continuous fluorescence 
effects. In calibration calculations the absolute intensity ratio 
was altered by less than 0.02% Mg, 0.10% Gd through Er, and 0.20% Yb. 
2) The rare earth element is subject to a large atomic number correc- 
tion in the absence of all other effects. 3) The Mg is subject to 

a large absorption correction and also a significant atomic number 
correction. In computing the rare earth concentration, considerable 
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uncertainty is introduced through the selection of the correction 
model and the mean ionization potential, J. For example, in the 
Mg-Gd system for a measured intensity ratio of 18% Gd, the Philibert- 
Tixier? atomic number correction used in conjunction with the Duncumb 
and Shield's* absorption correction (Heinrich's® o value) yields con- 
centrations of 23.4, 24.6 and 25.9 wt.% Gd when using the Berger and 
Seltzer,® 11.5 Z, and Duncumb and Reed’ J values respectively. This 
relative compositional error of over 10% is caused by a 10% variation 
in the stopping power correction. The Duncumb and Reed’ atomic 
number correction yields 26.3% Gd. 


The results shown in the figure and table are those obtained using 
the Philibert-Tixier? correction with the Berger and Seltzer® J 
values, because this combination gave the most reasonable results 

for all six alloy systems when the measured Mg concentrations were 
also considered. Using this ZAF scheme the 23.4% Gd is obtained from 
C=k-(stopping power, S):(backscatter, R):(absorption, A), where 
k=18.0, S=1.61, R=0.84 and A=0.96, corresponding to an atomic number 
correction factor of 1.36. The mass absorption coefficients for the 
rare earth radiations were small and consistent within several 
sources so those of Heinrich® were used; however, the mass absorption 
coefficients for MgKa radiation by the rare earth metals varied 
considerably. Those published by Kelly? were used except for the 
absorption of MgKa by Tb in which case Frazer's!° was used. Using 
these values led to concentration totals varying from 99-103%, except 
in the case of the Mg-Tb system where the higher totals encountered 
due to a high Mg concentration were presumably caused by an inaccurate 
mass absorption coefficient. While these problems may appear discon- 
certing, the accuracy of the solubility determinations is satisfactory 
and the alloy systems should be useful in the evaluation of atomic 
number correction procedures. This work was carried out as part of a 
research program supported by Frankford Arsenal Contract No. DAAG-1l1- 
69-C-0626. 
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THE MEASUREMENT OF LOW-ENERGY ELECTRON AND X-RAY 
INTERACTION COEFFICIENTS FOR SOLIDS 


Burton L. Henke 
Department of Physics and Astronomy 
University of Hawaii 
Honolulu, Hawaii 96822 


The quantitative chemical analysis of surfaces using, for example, 
the electron microprobe, the scanning electron microscope, and photo- 
electron spectroscopy requires a considerably greater knowledge of the 
x-ray and electron interaction processes within matter than currently 
is available--particularly for the low-energy region of 100-1000 eV. 

In this region, the elastic scattering of both the x-ray photons and 
the electrons contributes relatively little to the total interaction 
cross sections for which the predominant contributions are from photo- 
jonization and electron ionization. 


In recent years total photoionization cross sections have become 
more available from several laboratories for the 10-100 A region. 
(Reviews of available photoionization data for the 10-100 A region 
are contained in Refs. 1 and 2.) However, experimental data on the 
total electron ionization cross sections (or the mean-free-path values) 
for low-energy electrons within solids are nearly nonexistent. The 
subshell photo and electron ionization cross sections and the associ- 
ated angular distributions of the emitted electrons are also needed, 
often as much as are the total cross sections, and a considerably 
smaller amount of data is available for these. 


The measurement of low-energy x-ray and electron interaction cross 
sections is usually difficult. This is mostly because of the require- 
ment for very thin sample thicknesses. (Typical low-energy electron 
mean-free-path values are of the order of 50 A.) Described in this 
paper are several methods which are being used in this laboratory for 
these measurements, including the method of photoelectron spectroscopy. 


Finally, the important role of recent theoretical work in obtain- 
ing detailed knowledge of low-energy interactions is reviewed here. 
Using standard theoretical models (as, for example, Hartree-Fock-Slater 
calculations) and with large computers, a considerable amount of cal- 
culated cross section data for a large range of elements has become 
available. (See, for example, Refs. 3, 4, and 5.) These include 
differential and total photoionization cross sections, photoelectron 
angular distributions, and electron ionization cross sections. 
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ELUCIDATION OF THE DAMAGE MECHANISM OF SYNTHETIC SODALITES BY ESCA 


by 
J.S. Brinen 


Central Research Division, American Cyanamid Company, 
Stamford, Connecticut 06904 


and 
L.A. Wilson 
Instrument Division, Varian Associates, 
Palo Alto, California 94303 


Sodalite, long known to be photochromic, ! is an aluminosilicate repre- 
sented by the ideal formula NagAl Si g024Xo(X = Ci, Br or I). It is charac- 
terized by a framework of alternating silicon and aluminum atoms linked 
through their surrounding oxygen tetrahedra. The structure contains numerous 
cavities in which the sodium and halogen ions are located at specific posi- 
tions. Some specially prepared synthetic sodalites exhibit reversible photo- 
chromism.©?> When these materials are irradiated with ultraviolet light they 
become colored; magenta, purple or blue when the halogens present are respec- 
tively chlorine, bromine or iodine. Bleaching is achieved by irradiation 
with visible light into these newly generated absorption bands. Under mild 
conditions of electron bombardment these same materials are reversibly catho- 
dochromic, i.e., the color is produced by electron bombardment and can be 


bleached by visible light.°78 


With increasing levels of electron bombardment 
the sodalite is "damaged" so that the color generated cannot be bleached 
optically. In this case bleaching can only be achieved by heat treatment.” 
ESR studies have demonstrated that the same F-center (an electron trapped 

at a halogen vacancy interacting with four equivalent sodiums) is responsible 


10 


for both the photochromic and cathodochromic behavior. In attempting to 


discover the nature of the damaging process and its reversal by heat we have 
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investigated the surface chemistry of these sodalites in the colorless, 
damaged and bleached states, by ESCA. It is estimated that these measure- 
ments may be sampling as much as ~ 40 R deep into surface of the materials 
under study. 

Experiments were performed on a Varian IEE Spectrometer utilizing 
Al Ka (1486.6 eV) and Mg Ka (1253.6 eV) radiation. The sodalite powders 
were mounted on stainless screens. Electron damage was achieve: by exposing 
the sample to 2 KeV electrons from a Tungsten filament in the spectrometer 
reaction chamber for 15 minutes. Thermal bleaching was achieved by heating 
the screens containing the damaged sodalite in air for ~ 1 hour at 300°C. 

Figure 1 shows part of the ESCA spectrum obtained for bromosodalite 
in the 50-100 eV binding energy region. This narrow region facilitates 
comparison of two elements directly involved in the color mechanism (sodium 
and bromine) with one which is not (aluminum). The top spectrum is that ob- 


tained from a colorless sample of bromosodalite. |! 


The Al 2p; Br 3d and 

Na 2s electron lines are all of comparable intensity. The weak line at 

~ 54 eV is Fe 3p line from the stainless screen. The middle spectrum is 

that obtained from the same sample after damage in the reaction chamber with 

2 KeV electrons. A dramatic loss of bromine and, to a lesser extent, sodium 
relative to aluminum is observed for the damaged bromosodalite. Similar changes 
in the Na 2p and Br 3p photoelectron lines were observed. Electron bombard- 
ment also cleans the surface of the stainless screen leading to an increase 


in the Fe 3p and Fe 3s (93 eV) ines. - 


The sodium line appears to be 
broadened which may be an artifact attributable to either Ni 2p or Cr 2p 
electrons from the screen material. At this stage the sodalite is highly 
colored and cannot be bleached by visible light. The bottom spectrum was 


obtained from the same sample after bleaching at approximately 300°. The 
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spectrum of the now colorless sample clearly shows the return of both bromine 
and sodium to the surface. The iron lines have shifted to higher binding 
energies reflecting oxidation during this treatment. 

Similar results were obtained for iodosodalites and chlorosodalites 
prepared in different procedures, although the changes observed were not as 
pronounced as for the bromosodalite. 

The above measurements clearly demonstrate that the permanent colora- 
tion (damage) produced by electron bombardment results in a substantial de- 
crease of surface halogen and sodium. It is quite clear then that the F 
centers resulting the optically bleachable coloration and the damaged soda- 
lite coloration, although identical as evidenced by their optical and ESR 
spectra, are different in origin. In the photochromic sodalites (light 
bleachable) coloration may be explained in terms of reversible electron 
transfer from one center to a halogen vacancy while reversible coloration 
produced by mild conditions of electron bombardment may be explainable in 
terms of electrons trapped by the same halogen vacancy. 

The authors wish to thank Dr. J.R. Leto for preparing the samples 


and Dr. R. Bhalla and Prof. F.E. Williams for many stimulating discussions. 
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_ A slight color is produced by the x-ray excitation. This fades rapidly 


in room light. 


_ These lines were not observed when similar measurements were performed with 


the samples mounted on sticky tape. 
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ESCA spectrum of bromosodalite in the 50-100 eV binding 


energy region. The top spectrum ( ) was that obtained 


from a colorless sample, the middle spectrum (—— . ——) was 
obtained from a sample which was damaged by electron 
bombardment and the bottom spectrum (----) was from a 


damaged sample bleached by heating. 
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NEW ABSORPTION CORRECTION FOR SOFT X-RAYS IN QUANTITATIVE 
ELECTRON PROBE MICROANALYSIS 


D. F. Kyser and H. R. MacQueen 


IBM Research Laboratory 
San Jose, California 


TT 


One of the most important corrections required for quantitative electron probe 
microanalysis, especially for "soft" X-rays, is that for absorption by the 
target. The magnitude of the correction, and hence the error possible in 

the correction, increases with increasing overvoltage _Ug and absorption 
coefficient wu/p. According to Yakowitz and Heinrich,! the absorption 
correction f(x) should be maintained between 0.8 and 1.0 by choosing an 
appropriately low beam voltage Eg and high takeoff angle v. The error in 
f(x) will then be less than 1% typically. 


However it is often necessary to utilize high overvoltages and emission lines 
which are strongly absorbed, especially in multi-element targets, which results 
in f(x) << 1. The analyst is then faced with placing confidence in a particu- 
lar model for f(x) and utilizing questionable values for w/o which can 
produce large errors in quantitative results. 


Because many of the tabulated values for u/p were simply calculations extrap- 
olated or TEE RPO ated over large ranges in 2X and atomic number Z of the 
absorber, Kyseré»3 developed an experimental method for the determination of 
u/o for soft X-rays in a mid-Z target. The method involves a measurement of 
X-ray intensity versus beam voltage Eo, with target current maintained 
constant. The experimental details are published elsewhere.” A simple 
relation was deduced between the value of u/p in the target and the value 
of E. = E, which produced a maximum observed intensity. A truncated 
Gaussian distribution of (oz) scaled with E, was utilized to provide an 
expression for f(x). This Gaussian f(x) was easier to incorporate in 
subsequent calculations of w/o than the popular expression for f(x) due 

to PhilibertD which is presently widely used in quantitative analysis with 
hard X-rays. The Gaussian f(X) was also more satisfying physically since it 
did not require that (0) = 0 like the Philibert f(x) does. The Gaussian 
f(x) for soft X-rays (Ec < 1 kV) is 


f(x) = ee e028 (1) 


{sot-teyes wot - erf(u)] 
1 + erf(z,/Az) 


10B 


where 


XoA 
u = [22-32], pz, = 0.125 R, plz = 0.350 R, 


and 


R = 2.56x10"9(E,/30)' °8 gim/cm* (E, in kV). 


The subtractive constant 0.029 in Eq. (1) represents an approximate correc- 
tion for asymmetry in (pz) about pz, and is derived in the appendix of 
reference 3. 


This new expression for f(x) has now been used in quantitative calculations 
with Cu La and large Up in a series of Cu-Au alloy standards available from 
the U.S. National Bureau of Standards.° Strictly speaking, Eq. (1) should 
only apply to a target with average atomic number near Cu (Z = 29), since 

the constants in Eq. (1) which describe the shape of (pz) were deduced by 
fitting to a curve of energy loss in Cu via TEP calculations./ However atomic 
number dependence in_ f(x) is suggested by comparison with the work of 
Andersen and Wittry,8 whereby the electron range R, and hence the mean depth 
of X-ray production $z = 2oz) = 0.25 R, is scaled as A/[Z1.33 gn(174 E9/Z)]. 
This scaling factor is nearly identical for Cu and Au at large Eg which 
results in Eq. (1) being applicable to the Cu-Au system without an atomic 
number dependence in Fax) However in other alloy systems this weak dependence 
may have to be included. 


Experimental values of relative intensity k for Cu La and Au La were taken 
from Heinrich,© and the MAGIC 4 computer program described by Colby? was used 
for calculations of weight fraction C. MAGIC 4 was modified to allow a choice 
between the use of the Gaussian f(x) or Philibert f(x) for Cu La and also 
external input of u/p (Cu La, Cu) and w/o (Cu La, Au). The Au Lo line was 
calculated only with the Philibert f(x), since it is a hard X-ray. The results 
are shown in Table 1. An improved analysis was obtained with the KABSCO matrix 
for u/o and the use of the Gaussian f(x) for Cu Lo (Case I}. The KABSCO 
values of u/o for Cu La were suggested previously by Kyser.’ The value of 
u/o (Cu La, Au) = 5,810 cm2/gm is very close to the value of 6,000 provided by 
Colbyl0 in a recent literature review. 


An alternative method suggested by Kyser3 would take advantage of the direct 
measurement of x for each X-ray line in a composite target via the relation 
between x and ED: 


(E. in kV) . (2) 


2660 1.68 
P 


2 


This value for X can then be used in Eq. (1) without iteration of f(x), 
except of course for any Z-dependence. The same Z-dependence used for 
f(x) should also be used in Eq. (2), which is presently accurate for mid-Z 
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targets only. The potential advantage of this technique is that it is not 
necessary to use questionable values of u/p to calculate x+o¢qz, since 
it is directly measured. The value of ED for Cu Lo was measured for each 
of the alloys in Table 1] and in a pure Cu target. A correction to Ep, was 
made for electron gun bias. Values of X were then calculated from Ea. (2)% 
and f(x) from Eq. (1). This fixed value of f(x) for Cu La was then used 

in an APL computer program!! which was modified to accept a fixed absorption 
correction for any element, but let the other ZAF corrections iterate to 
convergence. This interactive APL program contained the same correction 
formulae, parameters, and iteration scheme as MAGIC 4. Table 3 shows the 
results obtained with the same k values as those used in Table 1. The 
results are best for the Cu-rich alloys, but in any case comparable to or 
better than the results found in cases II to VI of Table 1. This alternative 
method may be very useful, especially in those cases where the tabulated 
values of u/p are very inaccurate or completely unknown. 
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Table 1 


Comparison of corrections for Cu La at Eg = 25 kV, p = 52.5°. 
The values in parentheses are f(x)°/f(x) for Cu La in each alloy. 


19.8Cu - 80.2Au 39.6Cu - 60.4Au | 59.9Cu - 40.1 Au | 79.9Cu - 20.1Au 
k og go 

Cula = 0.097 0.001 0.004 

Aula = 0.745 0.002 0.003 


1 cf) fo) | cs) FO | Cis) FOO | ce) © FX) 
21.0 0.1546 41.0 0.1866 60.8 0.2307 80.4 0.2936 
19.3 59.4 39.0 19.0 
rE = 100.3 (2.48) | 100.4 (2.06) 99.8 (1.66) 99.4 (1.31) 


I] 16.4 0.2171 34.3 0.2452 54.0 0.2860 75.8 0.3443 
78.4 58.8 38.8 19 
r= 94.8 (1.96) 93.1 (1.73) 92.8 (1.48) 94.8 (1.23) 


Ii! 23.9 0.1274 44.9 0.1580 64.4 0.2000 82.8 0.2624 
79.2 99.3 39.0 19.0 
E= 103.1 (2.82) | 104.2 (2.28) | 103.4 (1.80) | 101.8 (1.37) 


IV 18.3 0.1859 37.6 0.2143 58.2 0.2553 79.5 0.3149 
79.2 59 .4 39.1 19 
y= 97.5 (2.16) 97.0 (1.88) 97.3 (1.57) 98.5 (1.28) 


Vv 22.8 0.1220 43.7 0.1500 63.6 0.1884 82.6 0.2440 
79.6 59 .6 39.1 19.0 

E= 103.4 (2.68) | 103.3 (2.18) | 102.7 (1.74) | 101.6 (1.34) 

NI 7. 0.1807 35.7 0.2061 55.7 0.2428 77.2 0.2959 


58.9 38.9 19.0 
5s = 95.9 (2.06) | 94.6 (1.80) | 94.6 (1.53) | 96.2 (1.26) 
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Table 2 


Mass absorption coefficients and f(x) formulae used in Table 1. 


Quantitative results for E 


KABSCO° HABSCO° 
Cu= 1910 245 2080 245 2340 
Au = 5810 127 7030. ~=—«*127 7168 


KABSCO with Gaussian f(X) for Cu La only: 


KABSCO with Philibert f(x) for Cu Lo, Au La: 


HABSCO with Gaussian f(x) for Cu La only: 


HABSCO with Philibert f(x) for Cu La, Au La: 


CABSCO with Gaussian f(x) for Cu La only: 


CABSCO with Philibert f(x) for Cu Lo, Au La: 


Table 3 


method for Cu La 


0.3786 


ea 3 ,400 0.2896 1.307 
eee 4,200 0.2377 1.593 
ee 4,650 0.2147 1.763 
15.73 5 5500 0.1798 2.106 


x(em?/gm) f(x) #(x)°/F(x) 


CABSCO? 
AuLo. 


245 
127 


F(X) Eupa, = 0+3834 
F(x)eu gy = 04243 
F(X) Puta = +3594 
F(x) Cup = 0-4019 
f(x) Eu o = 09-3271 


£00 pate = 0.3713 


= 25 kV, ¥ = 52.5° with fixed 


(x) 
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SOME EXAMPLES OF MATERIALS CHARACTERIZATION 
BY SOFT X-RAY ELECTRON MICROPROBE ANALYSIS 


James S. Solomon 
University of Dayton Research Institute, Dayton, Ohio 45409 


and 


William L. Baun 
Air Force Materials Laboratory (LN), WPAFB, Ohio 45433 


Often specimens submitted for microprobe analysis innately limit semiquanti- 
tative or quantitative analysis. An example of this sometimes occurs in failure 
analysis in which the microprobe analyst may not disturb the surface, which means 
restricting or even prohibiting the usual specimen preparation techniques such as 
mounting and polishing. Another example is the analysis of oxide scales or coat- 
ings which are restrictive because of surface porosity, poor conductivity, density, 
and thickness. Light element quantitative analysis has always been a problem to 
the microprobe analyst because of large discrepancies and disagreement in mass 
absorption coefficients, except for specifically and operationally defined measure- 
ments. 


Soft x-ray spectroscopy is a tool that can often yield the required analytical 
information from specimens such as those described above. The electron microprobe, 
in general, is capable of soft x-ray spectroscopy investigations for both research 
and practical analytical applications. ” Very often microprobe operators neglect 
certain analytical information contained in x-ray line and band profiles. Instead, 
they are usually concerned only with the quantitative measurement of peak inten- 
sities. In many cases x-ray line and band spectra yield very important chemical 
and structural information for materials characterization when the usual techniques 
fail or are subject to large sources of error. 


Figure 1 is an illustration of electron microprobe characterization of an oxide 
ring around a copper wire coated with silver. The silver (the lighter contrast 
area between the two curved sections of copper wire) did not properly wet the copper 
surface during coating and consequently tended to agglomerate along the walls of the 
wire upon heating. The copper then became subject to oxidation. The electron image 
is presented with a superimposed x-ray line scan of oxygen showing the presence of 
oxygen in the outer edge of the copper as well as in the silver. At the top of the 
electron image are the Culg x-ray band profiles from the oxide layer adjacent to the 
copper center and from an area well within the copper center. Comparing these with 
the Cula spectra to the left from Cu, CugO, and CuO, the analyst was able to identify 
the oxide ring adjacent to the Cu as Cug20. 


The electron image in Figure 2 shows a two phase chromium, chromium-nitrogen 
specimen. To the right of the electron image are the CrLa and CrLg x-ray band pro- 
files from each of the two phases. Comparing them with the CrL emission bands to 
the left from Cr, CreN, and CrN identifies the nitrogen containing phase as CrgN and 
the second smaller phase is unreacted chromium metal. A point count quantitative 
analysis using the chromium Ky line would probably be difficult since there is a 
large difference between the mass absorption coefficients involved, and the mass 
absorption coefficient of nitrogen absorbed by chromium would have to be accurately 
determined for this particular specimen in order to do a quantitative analysis for 
the nitrogen content. 
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Characterization in the two examples in Figures 1 and 2 was accomplished by 
visually comparing x-ray band profiles from unknowns with the profiles from stand- 
ards. One advantage with this method is that once the profiles from standards are 
recorded, it is not necessary to repeat this measurement each time an analysis is 
to be performed. In other words, a microprobe facility could record numerous x-ray 
spectra from various elements, alloys, and compounds and catalog them for future 
reference similar to the routine methods used by infrared spectroscopists. However, 
unlike infrared spectra, soft x-ray spectra are often significantly affected by 
instrumental and experimental parameters such as take-off angle and excitation con- 
ditions. This necessitates the recording of spectra by the individual facility. 
Comparison with spectra from other instruments for accurate materials characteriza- 
tion must be cautioned against, although where similar equipment is used and opera- 
tional conditions are kept the same, comparison of results from one laboratory to 
another is quite good. 


Specific features in some emission spectra could also be used for characteriza- 
tion. For example, in the Al-Cu alloy system the effect of alloying splits the AIK 
band into two components and the separation between the components is a function of 
concentration. ° 


In some cases the change in relative intensity of one or more components of an 
x-ray band or line compared to another component or to another band or line can be 
used for the analysis. An example of this is found in the changes of the intensity 
ratio of Kg, and Ka, satellite emission lines from some Al, Si, and Mg compounds.” 


Numerous other examples of soft x-ray application to materials characterization 
have been reported in the literature, all of which give strong support for the routine 
application of this technique to microprobe analysis. 
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Figure 1. Characterization of Copper Figure 2. Characterization of a 
Oxide Layer by Culq Band Chromium Nitride Phase 
Profile Comparison by CrL Band Profile 
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CHARACTERIZATION OF SURFACE AND INTERFACIAL OXIDE FILMS BY SOFT X-RAY SPECTROSCOPY 


Charles G. Dodd 
Philip Morris Research Center, Richmond, Virginia 23206 


Oxide films occur on iron and steel surfaces under ambient conditions. When 
thin metallic films are deposited on these surfaces (by evaporation or sputtering) , 
an interfacial oxide layer generally remains, and it affects the bonding of the 
surficial thin film to the substrate. Experimental techniques, utilizing electron 
microprobes, have been developed for the measurement of iron L soft X-ray spectra 
to characterize such interfacial films. Surface film thickness measurements on 
the metallic films were made independently by micro X-ray fluorescence and multiple 
beam interferometry. X-ray parameters used for characterization included spectral 
line peak intensity ratios and line widths at half maximum. A proposed model (of 
the surface film-interfacial oxide layer-metal substrate composite) has been developed 
that is consistent with the data. This model may be used to design soft X-ray spectro- 
scopy experiments to fully characterize interfacial and/or surface oxide films in terms 
of composition, thickness, and inferred adhesion bonding properties. 

Measurements on metallic thin film-steel substrate systems tend to support 
Holliday's proposal’ that increases in the Fe L))/Lyyy peak intensity ratio with 
decreasing E,, for iron and steel at low EL, values (less than 4 keV), are caused 
mainly by surface oxides rather than by self absorption”. The use of measured 
Fe Lity line widths, as an additional characterization parameter, helps to explain 
variations of Fe Lyy/bryy ratios with E, for X-rays emitted from varying depths 
through the interfacial film region. In order to study adhesive bonding at the 
surficial film-oxide film interface, and to avoid the need to use inconveniently low 
Ey values for an electron probe, one should deposit a surface film with a thickness 
corresponding to its extrapolated mass range pR,, at the E, used?. This yields X-ray 
spectra that characterize a volume element of the interfacial oxide film immediately 
below the overlying metal film. Ona plot of Lyy/biry peak intensity ratios VS. Ey? 
the E, value at waich the points for a given specimen intersect the reference iron 
metal line correspond roughly to the Eo value that should be used with the specific 
mass (ug on”) of the metallic film required to accomplish this objective. Ina 
similar manner, experiments can be designed for characterizing thin layers at varying 


depths in a surface film, providing a stable electron beam can be attained at the 
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requisite E, values, and that each E, required is appreciably above Ene-L* Refer to 
figure l. 

A plot of Lry/bryy peak intensity ratios vs. Ly, line widths also has been 
found to be useful for supporting the above model and for identifying film, bulk, 
and composite samples of various iron compounds, and of those of other first series 
transition metals. Ribble” used this type of plot to distinguish unambiguously 
between copper metal and copper compounds of varying valence states. Copper, however, 
is a true metal with a filled 3d shell. For other elements of the first transition 
group, such as iron, the interpretation depends on understanding variations in L spectra 
with E, for elements with incomplete 3d shell electrons available for chemical bonding. 
An example of this type of plot is shown in figure 2, on which points are shown for 
reference iron metal standards at varying E, values, together with corresponding 
points for Fe,0, and Fe,0,. 

In another sense, the type of information displayed in figures 1 and 2 relates 
to a determination of a modified $(oZ) function, measuring not primary X-ray line 
emission, but, rather, emission of chemical-bond-characterizing X-ray spectra with 
depth. 
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'Use of Bremsstrahlung and Characteristic X-ray Spectra 
to Study the Surface Potential Produced on Insulators" 


by 
W. B. Estill 
S. Gair 
J. L. Wirth 


Sandia Laboratories 
Livermore, California 94550 


ABSTRACT 


A technique has been developed to study the electrical potential of 
a dielectric surface as it is irradiated by a monoenergetic beam of electrons. 
The technique, which is described in detail, facilitates the measurement of 
field dependent secondary electron emission coefficients of dielectric 
materials and serves as a convenient method for assessing charge buildup 
during routine electron microprobe studies. 


The technique has several variants, all of which are based upon the 
relationship between the electron energy at impact and various features 
of the Bremsstrahlung and characteristic X-ray emission from the irradiated 
zone. First, the maximum energy of the Bremsstrahlung continuum equals the 
electron impact energy; hence the surface potential is determined by the 
difference between the electron accelerating potential and the maximum 
Bremsstrahlung energy. Second, the surface potential can be measured by 
observing the apparent shift in the known characteristic X-ray appearance 
potential during irradiation. 


Surface equilibrium potentials of from 4000 to 8000 volts have been 
observed in fused quartz and fiberglass samples irradiated by 15 to 30 keV 
electrons. The potentials were independent of beam current and increased 
slowly with beam energy. It is believed that field enhanced secondary 
emission is the limiting factor in the buildup of potential on the irradiated 
samples. 
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AN ELECTRON SPECTROMETER FOR QUANTITATIVE MEASUREMENTS OF 
SURFACE VOLTAGES WITH ELECTRON MICROPROBE INSTRUMENTS * 


K. Y. Chiu and D.B. Wittry 
Departments of Materials Science and Electrical Engineering 
University of Southern California, Los Angeles, California 90007 


The measurement of surface voltages by measuring the absolute energy 
of secondary electrons with an electrostatic energy analyzer betweenthe specimen 
and the detector has previously been suggested.” Inthis paper, a simple electron 
spectrometer using a parallel plate geometry is described. The parallel plate 
electrostatic analyzer with 30° entrance angle provides second order focusing and 
an angular aberration proportional to (4 8)°. This principle was recently described 
by Green and Proca®, The energy resolution of this type of energy analyzer is 
AEE = 1; 6(A8)> which is higher than other electrostatic analyzers. 


The spectrometer was made of brass except for the top plate which was 
made of ARMCO iron to shield the magnetic field produced by the objective lens. 
All metallic parts are gold plated to minimize contact potential effects. The 
geometry is such that the spectrometer fits into the bore of the objective lens 
and the secondary electrons produced by electron bombardment can be collected 
by the secondary electron detector normally provided for the SEM mode in the 
electron microprobe instrument used. 3 The sample position and the exit slit are 
adjustable so that the sensitivity and resolution of the spectrometer can be altered. 
The thickness of the spectrometer was designed so that the specimen can be 
bombarded by a light beam focussed by the optical viewing system of the instrument. 
This makes it possible to study surface photovoltaic effects which result from a 
decrease in the barrier height due to drift of excess carriers in the "band bending"! 
region near the surface. 


When the spectrometer is in the position shown in Fig. 1, the top plate 
is grounded. The secondary electron signal is measured by the scintillator- 
photomultiplier through a microammeter, frequency-voltage converter and scaler 
and typed out by electric typewritter. At first, it was found that the peak position 
and amplitude changed with time because of contamination and contact potential 
effects. After careful cleaning and degassing the spectrometer by leaving it in 
vacuum for several hours before each test, it was found that contamination could 
be reduced. A secondary electron spectra of brass using a 10kV electron beam 
is shown in Fig. 2. 


For quantitative measurements of changes of surface potential due to 
electron or photon bombardment, we calibrated the shift of the peak of the 
secondary electron curve with applying voltage between specimen and energy 
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analyzer. To prevent any significant change in the 30° entrance angle of the electrons 
because of this applied voltage, a grid which is at the same potential as entrance 
plate was placed above the sample. 


As indicated by Wittry*, spurious effects due to contact potentials and 
residual fields are usually present. To diminish these effects and to separate 
the collection efficiency of spectrometer from energy analysis performed by 
the spectrometer, tests are being made using a composite sample holder as 
shown in Fig. 3. 


“Research sponsored by the National Science Foundation under Grant No. 
GK 3904 and by the Joint Services Electronics Program through the Air Force 
Office of Scientific Research under Contract F 44620-71-C-0067. 


rome on Well and C.G. Bremer, J. Sci. Inst. Ser.2, 1, 902 (1968). 
Ae. Green and G.A. Proca, Rev. Sci. Inst. 41, 1409 (1970). 
3 


Model EMX-SM manufactured by Applied Research Laboratories, Inc., Sunland, 
California 91040. 


=p: B. Wittry, X-Ray Optics and Microanalysis, R. Castaing et al. ed., 


Hermann Pres, (Paris), p. 168 (1966). 
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ABSTRACT for Electron Probe Analysis Society of America 
Seventh National Conference, San Francisco, California 


July 1972 
INVITED PAPER: Limits of Resolution in Electron Probe Instruments 
T. E. Everhart and J. C. Wiesner 
Department of Electrical Engineering 
and Computer Sciences 
University of California, Berkeley, California 
94720 

The resolution that can be achieved in electron probe instruments is 
limited by five basic and inter-related considerations. First, how small 
can one make the electron probe? Second, what information is desired from 
the sample? Third, how small a volume in the sample produces information? 
Fourth, what physical constraints are imposed by the gathering of this in- 
formation? Fifth, how long is one willing or able to wait for the informa- 
tion to be collected? 

The first problem depends upon electron optics: a source of a given 
size can be demagnified until its size is limited by diffraction and by the 
aberrations of the demagnifying system. However, source demagnification 
reduces the probe current, and hence the rate at which information is generated 
in the sample. This information rate depends upon the information desired: 
X-ray production is much less efficient than secondary electron production, 
for example. The nature of the sample and the information desired determines 
the volume from which the information comes. In general, the thinner the 
sample, the smaller this volume, and the higher the possible resolution. The 
nature of the information also influences the geometrical arrangement of the 
specimen and the final lens which produces the probe. A large solid angle 
is required between the sample and an energy-disversive X-ray detector, for 


example, which establishes a minimum working distance, hence a minimum focal 
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length of the final lens, and hence its spherical and chromatic aberration 
constants. Finally, operator patience and instrumental stability are two 
limitations on the length of the time required to gather the desired informa- 
tion. Anything that increases the information rate will reduce this time, 
ana hence improve the possibility of better resolution. Source brightness 
(Richtstrahlwert), information generation efficiency, and information collec- 
tion efficiency are three parameters that should be maximized to optimize the 
resolution capability of any electron probe instrument for any given informa- 
tion. 

The brightest electron source known today is the field emission cathode. 
Although a simple approximate formula is often used to estimate the source 
size of this cathode, a complete analysis of the source size to be expected 
from the field emission diode has been recently completed by Wiesner’. His 
analysis predicts that an optimum tip.size exists, and that as the emission 
angle increases, the apparent source size increases linearly at first, and 
then as the third power of emission angle. Since diffraction effects (and 
lack of beam current) prevent one from reducing the emission angle too far 
an optimum half angle of emission exists in the neighborhood of 0.005 to 0.01 
radian. 

The accelerating fields of the electron gun also have aberrations asso- 
ciated with them,” A principal aberration of accelerating lenses is asso- 
ciated with the aperture lens effect. This can be minimized by clever elec- 
trode deste Even so, the aberrations associated with the accelerating 
structure and not the source size of the field-emission tip presently limit 
the diameter of the probe formed by this lens. This will be shown for 
typical valves cited by Crewe.et. aa The improved gun of Xomcda and Saito? 


should behave similarly. 
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The souréé produced by the gun ig demagnified by electron lenses to 
produce the final probe. ” For scanhing transmission electron microscopy, the 
semple is very thin, ‘end can be inserted between the pole-pieces of a con- 
denser-obj ective lens. The tesolution is normally limited by the aberrations 
of that lens, and by diffraction. If the electron optical demagnification is 
too great, the current in the final probe is decreased below its optimum value, 
and the information rate is unduly low. Hence, for a given source, and a 
given final lens, an optimum demagnification exists. Experimentally, it is 
easiest to arrive at this Sptimum Value for a given source by using an auxil- 


560 


tary lens », Ab thts optimum value, which will have significant current in 


1/h 3/4 


the probe, the probe didmeter da piven approximately by C. » as was 
shown first by Smith! . If the demagnification is greater, the information 
rate secvea ca: and the resolution can improve somewhat. The best performance 
reported to date is a resolution of five aoneevone”. 

Information eencwabion in the sample is related to electron energy loss, 
and to the probability of escape of the generated information, whether this 
consists of Xoreys. Soeetnce peor ones secondary, backscattered or Auger elec- 
trons, etc. First let us consider the electron energy loss. The volume 
of energy loss has been measured iene Been netely recently using a new method” . 
Recent results will be reported. In addition, the previous work of Walger 
which bigs a distribution function for the escape of secondary electrons as 
a function of the 92 ence tye ihe point of entry of the primary beam, 
has been extended to se ligue Maesdenee These results will be presented. 
They show that eecolbeone G8 the order of the mean free path of secondary 
aiectrons aa the Sevbie antertcd encuia be obtained with solid materials, 


‘ 


that is, resolutions of about ten Angstroms should be possible with the proper 
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choice of material. These results have particular importance in view of 
coating procedures used in preparing biological samples for scanning electron 
microscope examination. Recently, resolutions of thirty to forty Angstroms 


; ‘ ‘ ; 12 
have been reported using secondary electrons in scanning electron maeeeaeones” é 


While this value will probably be improved upon with better samples and higher 
signal currents made possible by brighter sources, the best resolutions wili 
be obtained in the transmission scanning electron microscopy of thin samples. 
This will require increased beam voltage to reduce A’ , the electronic wave— 


length. 
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LOW-LOSS IMAGE FORMATION IN THE SURFACE SEM 


Oliver C. Wells 
IBM Thomas J. Watson Research Center, Yorktown Heights, N. Y. 


In commercial SEM's, a solid specimen is examined by collecting the 
secondary electrons when the surface is scanned by an electron beam. (1) 
The resolution as measured at a pneEpsceee is limited by the beam diameter, 
which can be in the range 30 A to 50 A.(2) The ability of the SEM to see 
details close to the sharp edge is limited at about 100 A by the escape 
depth of the secondary electrons. Also, there is a bright fringe for a 
distance of a micron or so from a sharp edge caused by penetration. 


An alternative approach to high resolution surface scanning microscopy 
is to collect electrons having a small energy loss. (5,6) Typically, with 
15 kv operating potential, electrons are collected if they have lost less 
than 400 ev. With aluminum, this corresponds to a path length of 1200 &. 
The collected current is only 0.1% of the beam current, but it is still 
possible to obtain an image. 


The properties of the low-loss image are as follows: 


Side-by-side resolution. This was tested using a sample described 
by peccee@) and Blakeslee.(4) Figure 1 shows lines etched in GaAs with 
a center-to-center spacing of 220 A. These lines can be seen in both 


the secondary electron and the low-loss image. This shows that the low-loss 
image has the potential for high resolution surface microscopy. 


Shallow depth perception. The low-loss signal is generated in a 
thin surface layer. This has been used to show the presence of a thin 
self-supported alumina layer across the top of cavities formed in aluminum 
by electromigration.(5,6,7) The thinness of the escape layer has been 
explained by a scattering model in which the electron is deflected by a 
single Rutherford wide-angle event in the specimen. (8) Figure 2 shows 
a corrosion spot in passivated chrome. The secondary electron image 
shows a dark region round the edge of the cavity. This is not present 
in the low-loss image, which shows that the edge is overhanging in this 
sample. 


Reduced penetration effect _at_ sharp edges. The bright band at a 
sharp edge in the low-loss image has a width of about 1200 A for the 


operating condition described above. This is narrower than it is in 
the secondary electron image by an order of magnitude. 


High contrast from surface topography. The surface scratches on 


the sample shown in Figure 2 are shown more clearly in the low-loss image. 
In the same way, in Figure 4 there is a line present in the low-loss 

image which is not visible in the secondary electron image. We believe 
that this is caused by a shallow surface step. An improved contrast 

has also been found with some other samples. 
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As compared with the above advantages, the low-loss image cannot show 
parts of the specimen surface that are shielded from the detector, neither 
can it show voltage or magnetic contrast. 


The low-loss image is approximately the reciprocal of the image of a 
solid specimen obtained by reflection in the conventional transmission 
electron microscope. (True reciprocity requires that there should be no 
energy loss.) This can be seen by reversing the path of the rays in the 
specimen, and then equating the source in one case to the detector in the 
other. The advantage of the low-loss image as compared with the TEM re- 
flection image arises because: (1) The collector in the surface SEM sub- 
tends a larger solid angle than the illuminating system in the TEM. (2) A 
larger energy band can be accepted. (3) The heating of the specimen is 
reduced. A similar relationship exists between the TEM and the transmission 
SEM when examining specimens in transmission.(9,10) As opposed to this, 
there does not seem to be a reciprocal version of the secondary electron 
image. 


I would like to thank C. G. Bremer for technical help. 


References: 


(1) K. C. A. Smith and C, W. Oatley, Brit. J. Appl. Phys., 6 391-399 (1955). 
(2) A. N. Broers, Rev. Sci. Inst., 40, 1040-1045 (1969). 

(3) A. N. Broers, Sept. Cong. Int. Mic. El., Grenoble 1970. 1 239-240. 

(4) A. E. Blakeslee, 3rd Int. Symp. GaAs, Aachen 1970, 283-291. 

(5) 0. C. Wells, Appl. Phys. Letters, 19 232-235 (1971). 


(6) ©. C. Wells and C. G. Bremer, Proc. 6th Int. Conf. on x-ray optics 
and microanalysis, Osaka Sept. 1971, in press. 


(7) N. G. Ainslie, F. M. d'Heurle and 0. C. Wells, Appl. Phys. Letters, 
20, 173-174 (1972). 


(8) ©. C. Wells, 5th Annual SEM Symp., Chicago, Apr. 1972, 169-176. 
(9) J. M. Cowley, Appl. Phys. Letters, 15 58-59 (1969. 


(10) A. V. Crewe and J. Wall, J. Mol. Biol., 48 375-393 (1970) . 


16C 


Fig. 1 Resolution test 
specimen with 220 A 
ridge-to-ridge spacing: 

(a) Secondary electron 
image. (b) Low-loss image. 
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Fig. 2 Corrosion spot in passivated chrome: ' 25 fA , 
(a) Secondary electron image. (b) Low-loss image. $ = 0° 
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Fig. 3 Contaminant spots on silicon 
dioxide: (a) Secondary electron image. 


(b) Low-loss image. 


WA Student Contribution 


On the Conditions Necessary to Observe Crystalline Defects in the 


Scanning Electron Microscope Using Back Scattered Electrons 
D. R. Clarke 


Cavendish Laboratory, Cambridge, England. 


The application of the scanning electron microscope to the study of the 
microstructure of materials would be significantly extended beyond the present 
surface structure and morphological investigations if the underlying crystal 
defects could be detected. Until recently this had not been possible and a 
simple calculation by Booker (1970) indicates that with the contrast avail- 
able the scanning times required are prohibitive in microscopes having a conven- 
tional electron gun and operating at 20 or 30 keV. The recent construction of 
scanning microscopes with field emission guns of brightness greater by about 10 
than that of conventional guns however changes the situation and makes the detailed 
calculation of the conditions necessary to observe defect images timely. 


A few results of these calculations and some of their consequences are 
presented in this summary for the particular case of dislocations. 


The basis of the calculations is that the strain field of the defect 
causes local transitions between Bloch wave states which have differing prob- 
abilities of beingback scattered. The total back scattered intensity is then the 
integral of the square of the back scattered amplitude over the primary electron 
penetration depth. The problem is formulated by a slight extension of the exist- 
ing dynamical electron diffraction theory (see HHNPW, 1965). As an initial approxi- 
mation a two beam model was considered in which it was assumed that at each atomic 
site the back scattering probability was independent of the diffraction vector g. 
The diffraction data used corresponds to copper at an electron energy of 20 keV 
(Humphreys and Hirsch, 1968). 


As an example of the computed dislocation profiles, Fig. 1 shows the 
influence on the image of the Bragg reflection used. Apart from variations in 
the background intensity the profiles are relatively insensitive to the deviation 
w from the exact Bragg condition, and changes approximately as exp(-w ). An 
image screw dislocation was used in order to render the surface tractions zero 
and it is interesting that in this case the qualitative model based on local 
lattice tilts at the surface (Booker, 1970) would show no contrast. 


The dynamical diffraction theory calculations lead to a theoretical con- 
trast value but what is really required is the contrast attainable using a beam 
of finite width and of finite divergence. From the image profiles it can be 
deduced by convoluting with various beam sizes that most of the theoretical con- 
trast will be attained provided a probe of width d and illumination semi-angle a 
is chosen to satisfy the conditions 
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d< (gb _ AW l 
(18) § /S x = AW ¢< jE 


These necessary conditions for the observation of dislocations may be 
displayed as in Fig. 2 for ge be l and used to determine the electron beam para- 
meters required for different Bragg reflections. The aberration limitations 
marked refer to conventional scanning microscopes. A set of lines satisfying 
the equation d = A/a has been indicated where A is given by 


AY = (22a) + Ota 


and determines the current I that a gun of brightness B will deliver into a spot 
of diameter d. 


In general the curves indicate that it is better when studying thin foils 
to use as high a voltage as possible, in a microscope of low aberration. This 
has been substantiated by the author using a microscope fitted with a conventional 
gun at 80 keV to observe weak images of dislocations in polycrystalline aluminium 
and more recently by Hashimoto, Kimoto and Stern (private communication) in MoS. 
at 100 keV. 


The calculations however illustrate that except in these special circum- 
stances, of high voltages, energy selective detectors and very long exposures, it 
is not possible to observe crystal defects using conventional electron guns. The 
use of field emission sources, concentrating on higher current than a conventional 
gun into spot sizes below 1000A, will shorten the recording times to routinely 
convenient values. It remains to be seen however whether the defect contrast will 
be observable in the presence of morphological contrast without the use of energy 
selective detectors especially when studying bulk crystals. 


D.R.C. wishes to acknowledge the guidance of Dr A. Howie with whom the 
initial results of these calculations were published. 
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INTENSITY 


300 150 0 150 ; 300 
distance from dislocation A 


The image profiles of a screw dislocation for both 220 and 440 reflections 
satisfying the conditions g. b=1 and 2 respectively. 
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A graph of probe spot size against beam divergence indicating the limits due to 
spherical and chromatic aberrations d,; and d,, and diffraction da. 
Also plotted are the lines satisfying the attainable contrast conditions 


at different accelerating voltages, and labelled with a number of various 
reflections. 


FIGURE #2 
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ANOMALOUS CONTRAST EFFECTS ENCOUNTERED IN 
SEM STUDIES OF CUBIC BORON NITRIDE 


by 


E. Lifshin and R. C. DeVries 
General Electric Corporate Research and Development 


In the scanning electron microscope secondary electron 
image contrast arises principally from point by point vari- 
ations in either the number of secondary electrons emitted 
or collected from a specimen. The first category includes 
the dependence of the secondary electron yield on surface 
topography and work function. These effects,are easily de- 
tected by the conventional Everhart-Thornley detector which 
uses a biased grid to attract secondary electrons to the tip 
of an even more strongly biased scintillation detector. The 
second category includes voltage and magnetic contrast effects 
which cause variations in the detector collection efficiency 
by altering secondary electron trajectories and, consequently, 
the number which ultimately reach the detector. While these 
effects are observable with the conventional detector, they 
may be enhanced by the use of directional detectors which 
more carefully define the electrostatic field in the vicinigy 
of the sample, as have been developed by Banbury and Nixon. 


Backscattered electron image contrast also depends strongly 
on surface topography, but tends to be much more directional 
(as exemplified by shadowing effects), depends on the average 
atomic number of the specimen, and is relatively insensitive 
to local magnetic and electrostatic fields. With these factors 
in mind, it was quite surprising to observe a series of unusual 
secondary electron images, typified by figure 1, which were 
encountered during a study of a polished section of cubic boron 
nitride grains mounted in a conducting glass matrix, especially 
when the dark regions shown in figure 1 appeared only faintly 
outlined in a backscattered electron image of the same area as 
shown in figure 2. Starting with figure 2, one would conclude 
that there are no significant variations in either surface 
topography or average atomic number except for some surface 
relief in polishing which is shown in a Nomarski interference 
micrograph (figure 3) of the same region. This is to be 
expected, since the grains are single phase with a very limited 
range of stoichiometry. 


If major compositional effects and surface topography are 
eliminated as sources of contrast, then voltage contrast or 
altered electron yield remain, either of which would require 
the presence of some impurity in the specimens which were 
found to be semiconducting. Ion microprobe analysis showed 
the presence of the order of 100 PPM of Li in the dark-appearing 
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regions as shown in figure 4. Several possible explanations 
of the origin of this contrast will be proposed. 
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Scanning Electron Microscope Collection of 
Secondary Electrons Using a Small Aperture Probe 


R.K. Matta, Department of Radiation Health, University of Pittsburgh 
G.L. Kusic, Department of Electrical Engineering, University of Pittsburgh 


Abstract 


It has been shown by several investigators that low energy electrons, or 'true' 
secondary seat of energy in the range 0-30 eV are the most desirable in scanning 
microscopy. 4] 2) Typical secondary electron collectors used have large numerical 
apertures and effectively collect about 65% of the electrons with initial energies 
below 50 eV. Such probes, if located near the bombarded sample, also collect a 
Slonitleale amount of backscattered electrons, i.e. those above 50 eV initial energy. 
Everhart 3) has shown that a combination of suitable location and adjustable slot 
aperture allows one to select secondary electrons of a specific energy as modified 
by initial angle and location at the sample. However, the efficiency of collecting 
secondary electrons decreases in such schemes. 


In the experimental and theoretical results presented herein, a small aperture 
cylindrical probe is used which focuses secondary electrons into the detector. 
(See figure 1). The small aperture detector is positioned close to the sample, 
effectively collecting all the secondary electrons, but a significant increase in 
probe scintillator gain is obtained when a voltage bias is applied to the sample. 
Figure 2 indicates relative gain as the specimen bias is varied. Preliminary 
measurements as well as a two-dimensional digital computer simulation indicate the 
increased gain may be due to the low energy (secondary electrons) being reflected 
and multiplied at the inside surface of the collector. At lower sample bias the 
secondary electrons do not reach the collector wall. At a high sample bias either 
the angle of incidence is too large for suitable multiplication or the secondary 
electrons are drawn to the bottom pole of the piece. 


The increase in gain more than compensates for backscattered electrons which 
may enter the probe. The location of the probe is not critical for the bias may 
be varied to attain suitable focus conditions. In figure 3A, the signal is shown 
when the probe was positioned for 'best contrast’ and in figure 3B, the bias is 
applied. There may be other effects present, but the result of the bias shows 
a significant improvement in image contrast. 


The digital computer simulation utilized an integral equation approach described 
in reference 3, breaking up an approximate boundary hate the 41 segments indicated 
in figure 1. The integral equation technique 4)(5) (6 readily lends itself to 
irregular domains; it offers a significant reduction in computation time for 
larger problems, plus provides an analytical expression for the field and gradient 
at any point. Thus, a specific region, such as around the sample and probe 
entrance, may be selectively detailed without increasing the detail in other parts 
of the simulation. The analytical results qualitatively agree with the experimental 
data. 
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Figure 1. Two-Dimensional View of the Sample Holder, Pole Piece, and Probe with Integral 
Equation Boundary Segments Shown 
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SEM Comparison of the Intracellular Ultrastructure of Botanical Specimens Prepared by 
Metal Coating and a New Technique for Surface Conduction 


B.J.Panessa 
Biology Department, New York University, 100 Washington Square East, N.Y.N.Y. 10003 


By their physical nature, most biological specimens do not lend themselves readily 
to examination in the SEM.Most tissues are quite soft and may shift or distort during dessi- 
cation , which occurs in the scope vacuum or under the electron beam at high accelerating 
voltages .To obviate this, investigators have subjected specimens to periods of long fixation 
followed by dehydration in solvents(ethanol, acetone, ether...), or freeze drying. Delicate 
tissues, such as botanicals, do not withstand alcoholic dehydration or freeze drying well, 
and for this reason, in our laboratory they have been examined after glycerol infiltration( 1). 
The glycerol replaces tissue-bound water and prevents dessication-induced distortions, 
Since most biologicals are non-conducting, metal is usually evaporated onto the surface of 
the tissue to prevent charging, 


In our studies of the various structure-function relationships of the tissues of carni- 
vorous plants (Sarracenia purpurea, Drosera rotundifolia, Pinguicula vulgaris and Dionea 
muscipula), the material is trimmed in such a way as to expose the cellular interior, These 
plants, especially Sarracenia, have cells with extremely large, central cell sap vacuoles, 
and very little cytoplasm ;two factors which simplify observation of intracellular organelles 
as they are not obscured by cytoplasm(Fig, 1). 


In the past, to avoid charging we examined these organelles at low accelerating volt- 
ages, but found this to be inadequate because the amount of information obtainable is limited 
by poor resolution, By coating the tissue with carbon(25-50 A)-gold-palladium (175-300 A) 
we were able to use higher accelerating voltages(5-10 Kv), however we found that the coat- 
ing procedure often produced tissue damage, Furthermore, a comparison of scanning images 
obtained from tissue prepared in this manner (Fig.2)and tissue prepared by treatment with 
aqueous iodine followed by lead acetate(2), showed that the coated tissue presents quite a 
different appearance than directly observed material(Fig.3).Metal coated specimens exhib- 
ited a smooth cytoplasm with few cytoplasmic strands or channels. Organelles also appeared 
somewhat flattened. Uncoated specimens, on the other hand, possessed numerous cytoplas- 
mic strands and large networks of anastomosing strands believed to be endoplasmic reti- 
culum .,Mitochondria, chloroplasts and nuclei could be easily distinguished , many of which 
possessed complex surface configurations, Frequently mitochondria and chloroplasts 
were observed to be joined by thin cytoplasmic strands;a rare occurrence in coated prepar- 
ations,Membranes as well as the elements of the cell walls were clearly apparent, 


In order to specifically identify structures observed in scanning images, the scanning 
specimen was removed from its stub, embedded in plastic, sectioned and examined by trans- 
mission electron microscopy, TEM(3).TEM micrographs showed no plasmolysis in either 
the coated or uncoated SEM specimens ,The increased information obtainable from uncoated 
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specimens was a result of the direct visualization of the cell surface. 

Not only does treatment of tissue with iodine-lead acetate permit direct observation 
of tissues, resulting in more information, but it increases the specimen's conductivity 
permitting long periods of examination(3-5 hours)with little or no charging Specimens 


appeared to be more stable under the electron beam, and after removal from the specimen 
chamber were still green and turgid. 
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Figure 1,Sarracenia cells routinely prepared Figure 2,SEM of single cell of Sarracenia. 

for TEM show paucity of cytoplasm and large Coated preparation showing nucleus(N), 

empty vacuole.N ;nucleus, C ;chloroplast. chloroplasts(C), pit field(P)and mitochondria 
(M). 


Figure 3.Iodine -lead treated cell of Sarracenia Figure 4, Low magnification of Fig.3(in 


with chloroplasts(C), ER, mitochondria(M) enclosed area) .Note the membranes(m). 
and cell wall(CW). 
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ENZYME ETCHING IN SCANNING ELECTRON MICROSCOPY 


Robert 1. Lin and Paul Lublin 
GTE Laboratories Incorporated 
Bayside, New York 11360 


Most of the biological substances we see after fixation are polymerized macro- 
molecules, such as proteins, cellulose, nucleic acids, glycoproteins, and lipo- 
proteins. These materials, in their natural state, and some other synthetic organic 
substances are substrates for various enzymes. Selective removal of a certain 
component from a biological sample or a synthetic organic substance by a specific 
enzyme can reveal the ultrastructures in a way related to their chemical nature. By 
combining this technique with scanning electron microscopy, the anatomy at macro- 
molecular level may be achieved. 


In the present study the following enzymes were used on samples from various bio~ 
logical sources: pronase,'** (a very potent, wide spectrum, protein hydrolyzing 
enzyme from 2 fungus), trypsin? (a protein hydrolyzing enzyme from pig pancreas) , 
ribonuclease"? (RNA and DNA hydrolyzing enzymes, respectively, from pancreas) 
cellulase (cellulose digesting), chitinace (chitin digesting), and lysozyme 2=15 
(which digests bacterial cell wall polysaccharides). 


Most fixative agents, such as glutaldehyde and formaldehyde, operate as cross-linking 
agents bridging amino groups or other functional groups. After fixation the suscept- 
ibility of the substances to enzyme can be changed drastically, either due to 
alteration of functional groups or stereo conformation. 


The etching was done either before fixation, after fixation, and both before and 
after. The observed results on various materials will be discussed in the light of 
cytochemistry and fixative effects. 
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CHANGES IN MORPHOLOGY OF POLYMERS AS A RESULT OF GAMMA IRRADIATION: 
LOW DENSITY BULK POLYETHYLENE 


Theodore Besmann and Raymond Greer 
Department of Nuclear Engineering and Engineering Research Institute, 
Iowa State University, Ames, Iowa 50010 


The morphology of unirradiated and irradiated low density bulk polyethylene, 
with and without an inorganic filler, has been investigated using scanning 
electron microscopy. Surface features of polyethylene specimens containing 
several percentages of CaCO. filler have been characterized as a function of 
gamma irradiation doses between 0 and 100 megarads and of tensile strength 
measurements at the various levels of irradiation and filler concentration. 


DYNH-4 pellets (Union Carbide Corporation, Bound Brook, New Jersey) were used 
as the raw material for compression molding of plaques of polyethylene, without 
filler, from which samples were cut. The samples that contained a percentage 
of filler were mixed by conventional methods before molding. Tensile testing 
specimens were produced by stamping them out of the plaques of polymer. Prior 
to tensile testing the samples were placed in an oven at 50°C for 48 hours in 
order to remove any molecular orientations that developed as a result of the 
compression molding. 


A cobalt-60 radiation source was utilized for the irradiations. Cobalt glass 
dosimetry was chosen as,a practical method of determining the dose rate within 
the irradiagion chamber’. In accord with the ASTM standards for irradiation 
of polymers’, the radiation field was not allowed to deviate more than 30% 
between the most highly irradiated area and the least irradiated area of the 
gage length of the tensile testing pieces, and of the entire specimen that 
would be used for scanning electron microscopy. The entire irradiation 
container was constantly purged with pre-purified nitrogen at 50 cc/min. ghe 
high intensity of radiation caused some heating in the Specimeys (38°C + 1°C) 
but was not high enough to alter the properties of the polymer”. 


Fracturing polyethylene at liquid nitrogen temperatures produces a granular 
surface in the unirradiated material and in samples irradiated to only 0.1 
megarad. The fracture across lamellae was seen to cause local drawing that 
resulted in spherical structures being observed in the edges of the lamellae. 
These spherical features observed by means of scanning electron microscopy 
(Figure 1) are approximately 0.15 microns in diameter and represent small areas 
which had been drawn, became fibrillar, melted, and retracted onto the fracture 
surface of the polyethylene lamellae. The fracture is not entirely brittle, 
but rather is a function of local melting across fractured lamellae. These 
findings are in agreement with transmission glectron microscope studies of a 
fracture surface of low density polyethylene’ which indicated spherical units 
in the edges of the lamellae. 


Fracture surfaces of the irradiated specimens of the present study do not 

contain spherical units. An example is shown in Figure 2. At higher irradiation 
doses, 0.1 micron voids are observed. Void concentration is observed to vary 
with no apparent change in void size. Void concentration increases from 1 
meaarad to 5 megarads. With increasing irradiation from 5 to 100 megarads the 
lamellae structure is sufficiently altered to subdue surface features. 
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Tensile strength results for unfilled polyethylene are in good agreement with 
those of Lyons and Vaughn”. For all filler concentrations (0 - 25%) there has 
been an initial increase in tensile strength with irradiation that peaks at 
about 10 megarads. Peak tensile strength appears to trend to higher doses at 
higher filler concentrations until at 20% filler the tensile strength peaks at 
20 megarads. A 50% increase in tensile strength due to the irradiation is the 
maximum for the unfilled polyethylene. Increase in tensile strength decreases 
with increasing filler concentrations until at 20% filler the maximum increase 
is only 30%. An example of the influence of the physical presence of the 
filler in accomplishing a change in mechanical properties by diverting a crack 
or by stopping a crack from continuing to propagate is shown in Figure 3. The 
identification of and distribution of filler aggregates was monitored by using 
energy dispersive analysis techniques in conjunction with the scanning electron 
microscope analyses. 
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Figure 1. Secondary electron image of a granular fracture surface of 
unirradiated polyethylene. 0% filler. Scanning electron microscope 
(SEM) accelerating voltage was 10 kV. A vacuum deposited 100 A 
thick conductive gold coating was applied to the specimen surface 
for all SEM specimens. Scale bar represents 0.5 um. 
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Figure 2. Secondary electron image of a fracture surface of polyethylene 
irradiated to 10 megarads illustrating the presence of voids. 


SEM accelerating voltage was 10 kV. 0% filler. Scale bar 
represents 0.5 um. 


Figure 3. Fracture surface of 2.5% CaCO, filled polyethylene. Arrow 1 
indicates a filler aggregate.~ Arrow 2 indicates a crack 
which has halted at the filler aggregate. SEM accelerating 
voltage was 10 kV. Scale bar represents 1 um. 
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ELECTRON MICROSCOPY IN THE EDUCATION AND TRAINING OF ALLIED MEDICAL 
MEMBERS OF THE CLINICAL LABORATORY TEAM 


Wittiam Re BISHOP, PH.D. 
Division OF MevircaL EDUCATION 
American Meoical ASSOCIATION 
CHICAGO, ILLINOIS 


THe CouNCcEL ON MEoIcatl EnucaTtTton oF THE AMA IN COLLABORATION WITH 

tHE AMERICAN SOCIETY OF CLINICAL PATHOLOGISTS, THE AMERICAN SOCIETY 

or MEDICAL TECHNOLOGISTS, AND AMERICAN ASSOCIATION OF BLOOD BANKS 
EMPLOYS NATIONAL STANDARDS OR ESSENTIALS FOR THE EVALUATION AND 

APPROVAL OF MORE THAN 1200 PROGRAMS NATIONALLY FOR THE EDUCATION AND 
TRAINING OF CLINICAL LASORATORY ALLIED MEDICAL TEAM MEMBERS, INCLUDING 
MEDICAL TECHNOLOGISTS, CYTOTECHNOLOGISTS, MEDIGAL LABORATORY TECHNICIANS, 
HISTOLOGIC TECHNICIANS, CERTIFIED LABORATORY ASSISTANTS AND SPECIALISTS 
IN BLOOD BANK TECHNOLOGY. THE MEDICAL TECHNOLOGY PROGRAMS ARE Le VEAP. 
BACCALAUREATE LEVEL, THE CYTOTECHNOLOGY PROGRAMS ~= 3 YEARS, THE MEDICAL 
LABORATORY TECHNICIAN <= 2 YEARS ASSOCIATE DEGREE, THE SPECIALIST IN 
BLOOD BANKING -- 1 YEAR, POST-GRADUATE, AND THE HISTOLOGIC TECHNICIAN 

AND CERTIFIED LABORATORY ASSISTANT PROGRAMS ARE 1 VEAR, POST=HIGH SCHOOL. 
THESE EDUCATIONAL PROGRAMS ARE LOCATED IN HOSPITALS, CLINICS, 4, YEAR 
COLLEGES AND UNIVERSITIES, ANO 2=YEAR COLLEGES (yUNTOR OR COMMUNI TY). 


IN ADDITION TO THESE CATEGORIES OF EDUCATION AND TRAINING, NATIONAL 
STANDARDS ARE BEING PROPOSED FOR THE POSSIBILITY oF AMA APPROVAL OF 
EDUCATIONAL PROGRAMS IN HEMATOLOGY AT THE POST=GRADUATE LEVEL. ALL. 

OF THESE HEALTH TEAM MEMBERS ASSIST THE PATHOLOGIST §1N THE CLINICAL 
LABORATORY IN THE COLLECTION OF PERTINENT DATA UTILIZING A VARIETY OF 
MEDICAL INSTRUMENTATION AS A CONTRIBUTION TOWARD THE TOTAL DIAGNOSIS 
BY THE ATTENDING PHYSICHAN. MANY CLINICAL LABORATORY ALLIED MEDICAL 
PERSONNEL ARE ALSO INVOLVED IN AREAS OF BIOMEDIGAL RESEARGH AND 810— 
ENGINEERING. IT 1S WETHIN THOSE LIMITED AREAS OF THE APPLICATION OF 
THE ELECTRON MICROSCOPE (TRANS. AND SCANNING ) WITH HESTO= AND CYTO= 
PATHOLOGIC APPROACHES TO THE DEVELOPMENT OF DATA WHICH MAY GONTRIBUTE 
TO THE DIAGNOSIS OF DISEASE, AND THE DISCOVERY OF NEW KNOWLEDGE OF 
DISEASE PROCESSES THROUGH ELECTRON MI CROGRAPHY, THAT MEDIGAL TECH= 
NOLOGISTS, CYTOTECHNOLOGISTS, TECHNICIANS AND ASSISTANTS GOULD BENEFIT 
FROM THE INCORPORATION OF SOME BASICS OF SPECIMEN PREPARATION, RESIN 
COMPOSITION, EMBEDMENT AND CURING, CONTRAST DENSITY STAINING, THEN 
SECTIONING, SPECIMEN MOUNTING, AND TECHNICS FOR THE PREPARATION OF 
SPECIMENS FOR SCANNING MICROSCOPY THROUGH THIN@=FILM VACUUM DEPOSITION 
METHODS. THESE AREAS OF EDUCATIONAL CONTENT COULD BE VALUABLE IN 

THE TOTAL TRAINING PROGRAM, ESPECIALLY IF THE ALLIEO MEDICAL PROFESSIONAL 
OR OCCUPATIONAL IS TO ENTER RESEARCH ENTERPRISE WITH RESEARCH ORTENTED 
PHYSICIANS AND BIOMEDICAL SCIENTISTS. THEREFORE, IT 1S IMPORTANT TO 
REVIEW PERTINENT ASPECTS OF THE CURRICULUM FOR THE EDUCATION AND 
TRAENING OF CLENICAL LABORATORY PERSONNEL IN THE ALLIED MEDICAL 


OCCUPATIONS FOR DETERMINATIONS OF THE MOST APPROPRIATE AREAS FOR THE 
INCLUSION OF ULTRASTRUCTURAL CURRICULAR CONTENT. 
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COMPUTER-CONTROLLED ELECTRON BEAM MICROFABRICATION 


E. D. Wolf 
Hughes Research Laboratories 
Malibu, California 90264 


Introduction 


The primary function of both the electron microprobe analyzer 
and the scanning electron microscope is information transfer froma 
specimen surface to an operator (observer) via tabular and/or one-or 
two-dimensional display(s) of electron-beam-stimulated response(s) 
of that surface. This function is also a very important part of the re- 
quired two-part capability of electron beam microfabrication systems. 
In fact, one premise of this paper is that precise scanning electron 
microscopy (registration) is as fundamental a requirement for precision 
microfabrication as the writing of the high resolution pattern (exposure). 
Thus, computer-controlled electron beam microfabrication deals with 
precision bi-directional information transfer between a target specimen 
and the computer (operator). Utilization of much related work in in- 
formation theory and image (signal) enhancement schemes is possible 
and advantageous. 


Beam "'contamination'', first observed in the transmission 
electron microscope and later in the microprobe analyzer and scan+ 
ning electron microscope, suggested the possibility of focused electron 
beams for information "recording’'. Early work by Christ 
MéSllenstadt et al.“ Wells, Everhart and Matta, 3 Broers, 4 Chang” 
and others set the stage for the present high level of laboratory 
accomplishment enjoyed by electron beam microfabrication.” The 
minimum linewidths obtained by Broers* and Chang” stand as signif- 
icant accomplishments as does the self-registration of an electron 
beam demonstrated by Wells, Everhart and Matta.’ Review papers 
have been written on electron beam microfabrication. /-9 


The need for high frequency, high density, low-power devices 
and circuits for various communication, navigational and surveillance 
systems has recently added impetus to the field of electron-beam 
microfabrication. The high performance capability of commercially 
available scanning electron microscopes and minicomputers has at 
least suggested the probability of realizing some of these system needs 
with perhaps modified but similarly configured systems. 


It is the purpose of this paper to review some of the basic con- 
cepts of electron beam microfabrication, to discuss briefly some of 
the advantages and disadvantages, and then to illustrate with specific 
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devices some areas best served by electron beam microfabrication, 
e.g., acoustic surface wave devices, discrete microwave semiconductor 
transistors, charged-coupled devices and integrated optics. 


Definition - Electron-beam Lithography 


Electron beam microfabrication is defined here as non-thermal 
electron-beam exposure of a thin polymeric film which after approp- 
riate development serves as a contact mask. Electron beam micro- 
fabrication is thus defined simply as electron-beam lithography combined 
with one or more different methods for transforming high resolution 
electron-beam-created masks into device structures. Combinatorial 
processes which retain or transform the original edge definition and line- 
width such as ion implantation doping and ion sputtering are of special 
importance (Fig.1). Because there is a wide variety of mask usages, 
electron-beam lithography can be applied to many different types and 
classes of microelectronic devices and circuits. Electron-~-beam micro- 
fabrication, or better, electron-beam lithography, has most of the 
utility of conventional photolithography but with one-to two-orders of 
magnitude reduction in linewidth; a direct result from the fact that an 
electron beam can be focused to a spot whose diameter is well below 
the diffraction wavelength limit of visible (UV) radiation normally 
used for mask exposure. 


Advantages -Disadvantages 


Most of the advantages of computer-controlled electron beam 
microfabrication have already been discussed in the literature. Briefly, 
the principal advantages over photolithography are: narrower linewidth, 
greater precision of line placement and edge accuity, and potentially 
faster turn-around times with more extensive automation. The main 
disadvantage is that it takes longer,to expose an array (wafer) of pat- 
terns. Both Brewer™’ 9 and Chang have reviewed writing speeds so 
this topic will not be discussed in detail. However, it should be re- 
membered that density of elements (component complexity) increases 
proportionally to the square of the linewidth decrease. Therefore, the 
(Pel¥ Tex ) product may remain nearly constant for certain devices, 

1. €5 4. 10 Thay take longer but there is an associated increase in the de- 
vice functional complexity so that the number of functional units produced 
per unit time may remain about constant. This is an important rationale 
for electron beam microfabrication. For certain types of devices it 

will be economical to use electron-beam exposure. Furthermore, there 
are certain classes of devices whose operating frequency just can not be 
reached any other way. For these devices the same economic guidelines 
used for conventional microelectronic devices may not be directly 
applicable. 
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Registration and Resist Exposure 


Electron-beam lithography offers the desirable feature of 
"hands-off" processing, thereby eliminating many human-induced 
failures. Preliminary alignment experiments by Ozdemir, Wolf and 
Buckey*+ have demonstrated closed-loop computer-controlled electron- 
beam registration to better than +0.1 wrn over a field of ~1mm-square. 
This degree of alignment precision shouid be attainable on a routine 
basis and is generally required when linewidths of lum or less are 
needed. 


Sufficient empirical data exists!*>13 on electron beam energy 
dissipation profiles to allow programmable linewidths ona given sub- 
strate. Figure 2 represents some energy dissipation profiles in 
Elvacite 2041, a very high weight average mglecular weight (>300, 000) 
polymethyl methacrylate, presented earlier°~ for variable line charge 
density, a= 1 x 107° coulombs cm7! at 10, 15, and 20 keV primary 
beam energy, respectively. These data were obtained by taking scan- 
ning electron micrographs of cross-sectioned samples which had been 
exposed and developed. Figure 3 shows aluminum electrodes with 
variable linewidths obtained on lithium niobate using the metal depo- 
sition technique shown in Fig.1. Each interdigital electrode structure 
is part of a high frequency acoustic surface wave transducer. 


Areas of Applicability 


Figure 3 illustrated one class of high frequency device. For 
certain applications, broadband acoustic surface wave delay lines are 
desirable. Figure 4 shows a transducer with 244 electrodes whose 
spacing decreases every 2) by 153 A for a total change of 0.93 ym in 
~ 450m. When combined with a similar transducer a delay line with 
450 MHz bandwidth centered at 1.0 GHz was obtained. 


Figure 5 shows an aluminum gate on gallium arsenide Schottky 
barrier field effect transistor which is expected to have a predicted 
cut-off frequency of about 60 GHz. The source and drain (large pads 
on either side of aluminum gate) are silver. 


Figure 6 shows a metallization pattern for a 16-bit shift register 
using a 3-phase charge-coupled device. The electrode gap is 0.3 um 
and should improve field-aided transfer of charge. 


Figure 7 shows a planar phase grating coupler on an optical 
wave guide. The phase grating was fabricated using electron beam 
lithography, conventional photolithography and ion beam micromachining. 
The grating periodicity is 3600 Aand the groove width is just under 
1000 A. 
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In summary, electron beam microfabrication portends much 


for the future where submicron linewidths are needed. These several 
examples of prototype devices demonstrate general applicability. 


The author acknowledges collaboration with several colleagues 


at Hughes Research Laboratories where these device structures are 
being fabricated, tested and evaluated. Specific fabrication details 
and device performance will be published elsewhere. 
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Fig. 1. Transformation of electron beam lithographic mask into 
device structures. 
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Fig. 2. Critical energy dissipation profiles in Elvacite 2041 
(ref. 12). 
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Fig. 3. Programmable electrode widths on same center-to-center 
spacing for 4.1 GHz acoustic surface wave transducer. 
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A CHARGE STORAGE MEMORY WITH READ-OUT AND 
ERASURE USING YbFeO3 


by 


S.J. Ingrey & W. Westwood 
Bell Northern Research 


Box 3511 Station "C", Ottawa, Ontario, Canada 


Some of the major requirements for a material to be useful in an electron beam ind- 
uced charge memory application include permanence, short "write-in" time and high 
storage prance We have found that the charge storage mechanism in ytterbium 
orthoferrite(t (YbFe03) meets to some extent these requirements. These charging 
effects are produced by irradiation of the material with high energy electrons. 
Using an electron probe with a beam energy, current and spot size of 20keV, 0.2 A 
and 20008 respectively, information was written into the surface regions of single 
crystal platelets of YbFe03 and YbFeO3 doped with CaO. 


Fig. 1(a) is a specimen current electron micrograph of an area of the platelet, reg- 
ions of which had previously been irradiated by moving the electron beam spot across 
the sample at a speed of approximately 20 x 107*cm.S7*. In the micrograph the irrad- 
iated areas appear brighter due to a higher electron conductivity. The width of the 
lines produced during the "write-in" are of the order of 50008, this dimension is 
larger than the beam diameter because of electron scattering in the material but is 
still dependent in part upon the electron beam spot size. Figs. l(c) and (d) show 
an area immediately after the "write-in" cycle and after 21 days exposure to atmos- 
phere respectively. The pattern was still evident after 40 days. 


The speed at which the beam moves across the sample during the 'read' cycle is app- 
roximately 1-5 cm.S-! so that the time required to read a 50008 diameter spot is 
less than 100 us. Since the time required to write the information into the sample 
is approximately two orders of magnitude greater than this, the memory may be read 
many times without a reduction in the contrast of the pattern. one pattern may, 
however, be erased by heating the platelet at approximately 500 C for a few seconds. 


When a single crystal platelet of Ca-doped YbFe03 was examined in the same way, it 
was found that the electron conductivity was lowered in the areas where the electron 
beam was used to 'write' information. Fig. 1(b) shows a specimen current electron 
micrograph of the sample; the area irradiated during the write cycle appears dark. 
This pattern was still evident after exposure to the atmosphere for a few days. 


The occurrence of these opposite effects in the doped and undoped crystals makes it 
possible to 'erase' a single 'bit' of information. 


The information written in an undoped platelet would be ‘erased' by irradiating a 
corresponding position in the doped platelet and adding the specimen currents from 
the two platelets when they are ‘read' by separate but synchronized electron beams. 
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Before this 'erasure', the sum of the specimen currents would change at the storage 
position whereas there would be no change after ‘erasure’. 


Charging effects are often observed when specimens are irradiated with high energy 

electrons in electron microscopes and microprobes and this charging is usually ass- 
ociated with high resistivity materials. Irradiation of the material with high en- 
ergy electrons (5-50kV) results in an intense localized ionization and the creation 
of vacancies and interstitials. When a specimen of high resistivity is irradiated, 
neutralization of the surface charge is delayed because of the low carrier mobility 
between the specimen surface and ground. This surface charge can be positive, due 

to the production of interstitials, or negative, due to excess electrons remaining 

in the surface region, and has a decay time which depends on the specimen, (struct- 
ural characteristics, conductivity, etc.) 


These decay times are usually of the order of minutes. As a first approximation 
the increase in carriers generated by the beam under equilibrium situations is(2) 
4, LE 


ie Tea ee a 


is the beam current 


i 
Z is the penetration depth of the electron beam 
E is the energy of the incident electrons 

J is the mean ionization potential 


If the charge introduced into the surface region is negative then the energy (E) of 
the incident electron will no longer be equal to the operating voltage (Eg) but will 
be less i.e. E=(Eg-AE) and, from the above equation the number of carriers produced 
will decrease upon irradiation. If positive charging occurs, then E = (Eg + AE) and 
there is an increase in the number of carriers produced. A finite time is required 
to reach the equilibrium state i.e. when the specimen current is equal to the number 
of carriers produced at the surface. 


These types of charging effects usually require much longer irradiation times than 
observed for the YbFeO3 samples and they also have decay times which are of the ord- 
er of minutes rather than days. Therefore, these charging effects do not seem adeq- 
uate to explain the results observed for the YbFe03. These may instead be due to a 
change in the ratio of Fe*+ and Fe*+ ions in the YbFeO3. Conduction can occur in 
these materials by electron hopping between Fe2t and Fe?+ ions(3). In YbFe03, nearly 
all the iron is in the Fe*t state so that the conductivity will be increased by the 
formation of Fe*t ions. While the bulk resistivity of the YbFe03 platelet was 10° 
ucm, the calcium-doped platelet had a resistivity of 10° Ucm, probably due to the 
presence of divalent ions. If the electron beam irradiation causes further ioniz-— 
ation of these, the resistivity may increase, as observed. Much more detailed inv- 
estigation will be required to determine whether these are, in fact, the mechanisms 
responsible for the observed memory effect. 
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(b) 


(c) (d) 
Fig. 1. Conduction mode electron micrographs of electron beam writing in 


(a) Undoped YbFe03 
(b) Doped YbFeO3 
(c) Undoped YbFe03 


(d) Same area as in (c) after being exposed to atmosphere for 21 days 
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VOLTAGE DEPENDENT PARAMETERS IN NEGATIVE 


ELECTRON RESIST EXPOSURE 


by 
R.D. Heidenreich, L.F. Thompson and C.M. Melliar-Smith 


Bell Telephone Laboratories, Incorporated 
Murray Hill,-New Jersey 07974 


ABSTRACT 


The successful application of electron lithography 
techniques to microcircuit fabrication depends heavily upon 
the properties of resist materials including sensitivity, 
resolution, adhesion, flaws, pinholes, etc. This paper is 
concerned primarily only with the sensitivity and resolution 
obtainable with negative resists, i.e. resists which are 
rendered insoluble by electron irradiation. 

The sensitivity of negative resists is determined 
by the number of cross linking events produced by an 
incident electron. It varies over a range of several orders 
of magnitude depending upon the functional groups present in 
the resist and the cross section for the chemical event 
which is voltage dependent. 

The resolution or line width is determined by the 
lateral or transverse electron flux resulting from scattering 
in the resist itself. The maximum width and penetration of 
a fine electron beam is set by the Bethe range which is voltage 


dependent. 
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Studies with four negative resist materials are 
presented here; polyvinyl ferrocine, polyglycidyl 
mmcWaeny Laue. bynoxddized eolgbuteaine and Riston'2?3), 
These materials have been evaluated for sensitivity, 
resolution and as etching masks for S10, and tungsten. 

They all show the same general behavior of increasing 
sensitivity (as shown in Figure 1) and decreasing line 
width (as shown in Figure 2) as the accelerating voltage 
is reduced. 

To prevent an excessive number of pinholes in the 
resist, a film thickness of hOOOA was required. This 
limited the minimum usable accelerating voltage to 5kV 
or above. If the voltage was reduced below 5kV the electrons 
had insufficient energy to penetrate the resist throughout 
its depth and the pattern would not adhere to the substrate 


during development. 
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TEMPERATURE DEPENDENCE OF CATHODOLUMINESCENCE 
OF GaAs, GaP, ANDGaAs P, * 
x 1-x 
H.C. Marciniak and D.B. Wittry 
Departments of Materials Science and Electrical Engineering 
University of Southern California, Los Angeles, California 90007 


ee . 
A clean vacuum electron beam column ’ in which samples can be 


irradiated without contamination over the temperature range of 27°-300°K 
was used in temperature dependence measurements of cathodolumine scence 
of GaAs, GaP, and GaAs,P, ,. A beam voltage of 50 kV was used in order 
to reduce the effects of surface recombination, 


Figure 1 shows the peak of the cathodoluminescence spectrum of a 
lightly doped p-type (Na= 7 X 1016 cm-3) GaAs sample as a function of 
temperature. The dashed curve is a plot of the absorption edge of GaAs versus 
temperature according to Casey and Panish.~ At low temperatures two emission 
peaks separated by 11 meV are seen. Cusano* attributes the 1.487 eV peak 
to conduction band-isolated acceptors recombination. The 1.499 eV peak is 
probably due to conduction band-valence band recombination. At higher 
temperatures only one broad emission band is observed. 


Figure 2 shows a cathodoluminescence spectrum of GaP taken at 27°K 
with an accelerating voltage of 50 kV, a beam current of 5nA and a spot size of 
15um. It was expected that donor-acceptor pair recombination between 2, 2eV 
and 2.3eV as reported by Thomas, et al. 5 at 1,6°K could be observed, However, 
donor-acceptor pair recombination showing spectra of resolved peaks in GaP 
has not yet been reported at temperatures above 20°K. Shown in the figure is the 
NA' line due to the nitrogen bound exciton and the C bound-exciton line due to 
neutral sulfur donors. 6 The F line is due to recombination at pairs of 
isoelectronic nitrogen traps. 6 The other peaks could be phonon-replicas of the 
"NA' line as discussed by Dean and Thomas. 


At the present time cathodoluminescence measurements are made as a 
function of temperature and beam current of GaAs_P : mixed crystals. It 
is expected that the nature of the various recombination mechanisms in these 
crystals can be dete rmined through these studies. 


The mixed crystals are first analyzed to determine the ''x'' value in 
GaAs_ P using electron probe X-ray microanalysis. The X-ray data is then 
processed using J. W. Colby's MAGIC computer program for quantitative 
electron microprobe analysis. The cathodoluminescence measurements are 
made on the instrument described in references 1 and 2. Care is taken to analyze 
the same spot of the samples in both instruments because the samples are 
polycrystalline and may not be homogeneous, 
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The intensity of the main peaks as a function of current show first a 
linear dependence which changes to a square root dependenge as the current 
is increased. This sublinear dependence results from the saturation of donor 
or acceptor levels at a certain beam current when other factors such as 
accelerating voltage and spot size are kept constant. This sublinear dependence 
has been observed previously in Zn-O doped GaP’ and S-doped GaP, 10 


Measurements on these GaAs, Py crystals are being continued with 
special emphasis on those samples whose values of ''x'' are near the value 
at which the band structure changes from direct to indirect. 


* Research sponsored by the Air Force Office of Scientific Research, Office of 
Aerospace Research, United States Air Force, under Grant No. AF-AFOSR-68- 
1414; the National Science Foundation under Grant No. GK3904; and Advanced 
Research Projects Agency of the Department of Defense under Grant No. DAHC- 
15-70-G14., 
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TON NEUTRALIZATION AT INSULATOR SURFACES 
by 


Daniel V. Mc Caughan, R. A. Kushner and V. T. Murphy 
Bell Laboratories Incorporated 
Murray Hill, N. J. 


The physics of the collision of ions with metal surfaces has been 
extensively studied over the past number of years. The aspects of 
ion neutralization spectroscopy, and ion Sear beg yng spectrometry for 
example, have received particular attention. 1,e The effects of ion 
collisions on insulator sh Secon have, by contrast, received little 
study. Various Soviet workers ) have studied kinetic and potential 
neutralization effects on continuously deposited insulator films. 
They have shown that neutralizing electrons apparently come,from up 
to several hundreds of Angstroms from the surface. Vaneet ll) has 
recently published results on ion bombardment of semi-insulating 
films of selenium at low energy. He has shown that charge builds up 
on the surface of these films during ion bombardment and has quanti- 
tatively sa edn the charge-up effects on these films. Mc Caughan 
and Murphy(5) have given detailed quantitative data on the charge-up 
effects observed in thin insulator films of insulator/semiconductor 
structures under low energy ion bombardment and shown these effects 
to be independent of whether the bombarding ion is Art, Not or N’, 
This work has led to a proposed mechanism for the neutralization 
effects observed when thin insulator films are bombarded by positive 
ions. This mechanism has important implications for ion neutraliza- 
tion spectroscopy, Auger spectroscopy, ion reflection spectrometry 
(or ion scattering spectrometry) and all processes of analysis in 
which low energy ions are used for analysis of insulator surfaces. 


Consider a film of an insulator such as Si0o. Its electron affinity 
is small, typically less than 2 eV; its band-gap is of the order of 
9-10 eV. Consider an impurity in such an insulator. If we can use 
a band-type picture for the insulator we can assign levels in the 
insulator band-gap to impurities. Indications are that we can use 
such a hal oad aie ieee picture for insulators - for example Eastman 
and DisStefan have shown the valance band structure for films of 
Si0o on Si, as being 11.6 eV wide, with detail structure. In addi- 
tion to the impurity levels we will have surface states at the insu- 
lator surface, those surface states below the effective Fermi level 
being filled, those above being empty. Many insulators are in fact 
good conductors when electrons are introduced into their (normally 
empty) conduction band. Thus we have the situation shown in Fig. 1 
at the insulator surface where the "surface atom" shown is an 
impurity atom bound at the surface. An ion approaching the insulator 


28B 


surface will experience a reduction in its effective ionization po- 
tential due to the polarization of the dielectric as it approaches 
the surface. Its effective ionization energy at the time of neutral- 
ization will be determined by its velocity of approach to the surface. 
The time available for the (honssedi ace. neutralizing collision 
will be of the order of 2x10-12 sec., and the neutralization would 

be expected to occur within 10A of the surface. This has several 
important implications. Firstly, an ion of ionization potential less 
than the insulator bandgap plus the electron affinity may travel into 
the insulator un-neutralized provided it is not neutralized at an 
impurity site or a surface state. Secondly, an ion of ionization 
potential greater than the bandgap plus electron affinity will, at 
low energy, leave its charge on the surface, unless it is neutralized 
at an impurity site, provided its velocity is not so great as not to 
leave enough time for the transition. (For Art ions, for example, 
this transition energy would be expected to be between 20 and 100 
KeV.) Thirdly, any attempt to neutralize the surface of an insulator 
by flooding it with electrons is fraught with difficulty from the 

ion neutralization standpoint. What would be expected is that the 
flooding electrons would fill surface states and states in the insu- 
lator conduction band, therefore providing an additional source of 
neutralizing electrons for the primary beam ion. Thus the secondary 
reflected ion intensity in ion scattering spectrometry would be ex- 
pected to drastically fall when flooding electrons are used to 
neutralize an insulator surface. Fourthly, we can explain charging 
effects deep in insulators in fast ion scattering experiments by 

the fact that the time available for neutralization at the surface 

is to short, therefore the scattering ion, whatever its ionization 
potential will carry its charge to its,range in the insulator. A 
metal film on the surface, even a few A thick,will provide a large 
source of neutralizing electrons and will therefore prevent charge- 
up phenomena in this case. Finally, the neutralization at an im- 
purity site of the bombarding ion can render that impurity mobile 

so that it can move from the surface during analysis and then give 
erroneous surface constituent measurements. The following paper 

will discuss this aspect in detail. 


In summary the mechanism we have developed for ion neutralization 
at insulator surfaces not only explains our own results but has 
immediate relevance to the accuracy of Ion Scattering Spectrometry, 
secondary ion spectrometry etc. 
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Ion Mobilization by Ion Bombardment 


by 
R. A. Kushner, D. V. McCaughan and V. T. Murphy 
Bell Laboratories 
Murray Hill, New Jersey 07974 


ABSTRACT 


The most striking observation to date from the investigation of the 
effects of ion bombardment on insulators is the mobilization and 
movement of sodium ions at room temperature as a direct result of 
the ion bombardment. This paper will describe this observation and 
its pertinence to analyses involving ion or electron bombardment of 
insulators. 


The experimental apparatus for the bombardment is depicted in Fig. l. 
The ions were generated in a plasma source, accelerated to the desir- 
ed potential (500 eV) and directed to the target by the 60° magnet 
which also served to give a one-axis sweep of the ion beam across 

the sample. 


The samples for these experiments were 5000A thermally grown silicon 
dioxide on silicon. Sodium containing 0.1% radioactive Sodium-22 
was evaporated from a heated filament onto the surface of these 
oxides. 


In counting the activity in the samples advantage was taken of the 
fact that Sodium-22 is a positron emitter. The products of the 
positron annihilation, two 0.51 MeV gamma rays emitted in coinci- 
dence, were detected. The Sodium-22 activity in the oxides was 
profiled by removing layers parallel to the surface with dilute HF 
and counting the etch solutions. The amount of oxide etched off 
was determined by color comparison with standard oxides. The total 
sodium per unit area or unit volume was then calculated from the 
known specific activity of the evaporated sodium. 


Figure 2 shows a typieat profile. The ion energy was 500 eV and 
the dose was 1x101 Jom-©. Note: 


1. No activity was lost from the sample as a result of the ion 
bombardment. The sodium used constitutes ~O0.1 monolayers and 
the ion beam did not sputter off any measurable amount of this. 


2. All sodium that moved at room temperature as a result of the 
jon bombardment reached the Si0o/Si interface. 


3. The efficiency for the activation of sodium is > 0.1 per ion. 
Because of some nonuniformity in the beam sweep and location 
it is not possible at present to assign a more quantitative 
number. 
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As reported in the previous paper, (1) ion neutralization at the sur- 
face of Si0o results ina large field across the oxide. What we have 
experimentally shown here is that, as a result of the ion neutraliza- 
tion, sodium moves away from the surface and to the Si/Si0o interface 
at room temperature. A field alone, applied by a metal field plate 
at room temperature, causes no sodium movement. We envision the 
following reactions occurring 


w~nmy 


= f 
Ar’ + Si - 07 Nat + Ar® + Si - 0 +tNaé 
4 
+ + 
ar® + 81 - oN? om - si + ar® + si - OFF. - 81 
Na ,Na- p—~» 


a4 
where the sodium is now free of its coulombic pond and ean drift 
across the oxide due to the field set up by the neutralization of the 
bombarding ions near the surface at "bulk" centers. 


What is equally important here is the pertinence to electron and ion 
probe microanalysis. There is already evidence in the literature for 
alkali ion movement under electron irradiation of ee eee 
glasses which is amenable to a similar explanation. e Therefore, 
these observations have a direct bearing on all of the electron and 
ion probe analysis techniques. We can anticipate that, at least as 
far as alkali ions in insulators are concerned, the ion or electron 
beam may change the distribution of what it is trying to measure. 

For ion probe microanalysis the effect will depend on the ionization 
energy of the bombarding beam relative to the energy tye of impuri- 
ties in the band gap of the material being measured. | For Auger 
electron spectroscopy the question becomes the effect of sputter 
cleaning of insulating materials prior to the actual measurement. 

For ion scattering and ion neutralization spectroscopy the same 
arguments hold and interpretation of the analyses of insulating 
samples must take into account the effect of surface charge build- 

up and ion neutralization induced impurity lon movement. We are at 
present extending these experiments to other common ions. 
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Surface Composition by Analysis of Neutral Impact Radiation 
by 


C. W. White, D. L. Simms, and N. H. Tolk 
Bell Laboratories 
Whippany, New Jersey 


ABSTRACT 


A unique and sensitive technique for surface composition analysis 
has been developed. Called SCANIR, Surface Composition by Analysis 
of Neutral Impact Radiation, this technique evolved from experiments 
which show that visible, ultraviolet, and infrared radiation is 
produced when low energy (less than 4keV) ions!>2 and neutrals3 
impact on a surface. The optical radiation produced in these low 
energy collision processes is characteristic of the surface 
constituents, including surface contaminants. In addition, 
comparing the radiation produced by ion and neutral impact reveals 
information on some of the fundamental electronic processes which 
result from the interaction of these atomic particles with solids. 


The optical line radiation produced in collisions of low-energy ions 
and neutrals with solids arises from excited electronic states of 
atoms and molecules sputtered off the surface by the impinging 
peaml,2,3. The identity of the constituents of the solid in the 
first few monolayers can be established by analyzing the spectral 
distribution of radiation and identifying the prominent optical 
lines and bands. We find the neutral to be the more useful 
projectile since all problems associated with charge accumulation 
on non conducting surfaces are avoided. Low bombarding energies 
and currents are used to minimize damage to the solid. Application 
of the technique at these low energies results in a very sensitive 
probe of the surface region since the range of the incident 
projectile in the solid is limited at most to a few monolayers. 


In the case of a metal or semiconductor target, ions (of large 
ionization energy) and neutrals of the same specie and energy are 
observed to produce photons from excited states of sputtered atoms 
with equal efficiency. This agrees with other results" which show 
that these ions impinging on a metal are neutralized by non-radiative 
processes several Angstroms in front of the surface before the 
sputtering encounter takes place. When wide bandgap insulators are 
impacted with neutrals we observe intense optical line radiation 
arising from excited states of sputtered atoms. Impacting low energy 
tions on these same insulators produces, in many cases, broad continum 
of radiation similar to that produced by low energy electron impact, 
in addition to radiation from excited states of sputtered atoms. 
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We have applied the technique of analyzing the low-energy collision 
induced spectrum of radiation to various pure materials, to complex 
solids (Volcanic Glass and a Tektite), and to microliter quantities 
of liquids containing both organic and inorganic material (human 
blood). The spectrum of radiation produced in the impact of neutral 
No (3.5keV) on the Tektite? and Volcanic Glass> are shown in 

Figure Prominent optical lines observed in the wavelength 
interval 2200A - 7T0OOR are identified by element and wavelength. 
Radiation from common elements such as Si, Al, Ca, and Na are 
observed from both of these targets but the Tektite contains, in 
addition, Fe and Mg as evidenced by the optical lines characteristic 
of these two elements. These scans were obtained in a time period 
of 30 minutes each using an equivalent neutral current of 

3 x 10-7 amps. 


To obtain an indication of the sensitivity of the technique, we 

have recorded the collision induced spectrum of radiation from 

a silicate melt (Si0o) target 6 containing oxide impurities of 

Al, Fe, Ca, K, Mg, and Na at known concentrations. The observation 
of radiation from the impurities in this sample shows that detection 
capabilities range from 1 part in 106 (for Na) to 8 parts in 10 

(for K) under present operating conditions. Substantial improvement 
is possible by increasing the photon collection efficiency, the 
integration time, and the incident projectile T1Ux, 
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HEMISPHERICAL TRIODE: A DEVICE AND TECHNIQU E 
FOR MEASURING ELECTRON EMISSION 


A. R. Frederickson 
Air Force Cambridge Research Laboratories(AFSC) 
Bedford, Ma 01730 


There are Situations where it is important to measure the secondary electron 
emission yields of irradiated samples. This is usually accomplished by 
applying a variable retarding potential to one or more grids that lie in the path 
of the secondary electrons. In many cases the grid wires produce unwanted 
scattering of either the primary radiation or the secondary electrons, or both. 
The secondary yield is sometimes measured by applying a positive bias to the 
sample itself, but this technique is prone to error because low energy electrons 
emitted from the chamber walls cannot be easily separated from the electrons 
emitted by the sample. The hemispherical triode avoids these problems because 
the sample is kept at ground potential and the biased element is not in the path of 
the electrons. This device has the added advantage that the collecting element is 
also held at ground potential. 


The use of the hemispherical triode is based on an analysis of the electro- 
static potential inside a hemispherical conductive shell. The Dirichlet electro- 
static Green's function has been determined for the hemispherical cavity(), If 
one specifies both the potential everywhere on the hemispherical surface and the 
charge density everywhere inside the hemispherical volume, then the potential 
everywhere inside the hemisphere can be determined. The potential function 
inside the hemisphere can be determined for any arrangement of potentials on 
the conducting surface. If the conducting surface is divided into three elements, 
then the flow of electrons between two elements can be modulated by a modulating 
potential applied to the third element. This modulation feature has application 
to experimental apparatus where low energy electron emission is being measured 


The particular apparatus that has been analyzed and used in experiments is 
shown in Figure 1. The apparatus consists of a hemispherical collector, a 
retarding potential bias ring, and an irradiated sample that emits secondary 
electrons. The analysis has been done only for the cases where the ring and 
the target are coplanar: but the ring and the target can be any size within this 
restriction. The effects of changing the relative sizes of the ring and the target 
have been analyzed and will be discussed. 


The basic mode of operation can be understood by inspection of Figure 2. 
Figure 2 shows the constant potential lines in the vicinity of the sample for a 
collector and sample bias of zero volts and a ring bias of minus one statvolt. 
With this bias arrangement, an electron leaving the sample must overcome a 
potential barrier (due to the ring bias) in order to reach the collector. The 
height of the potential barrier depends on the direction of electron motion and in 
this case the height varies between approximately .40 and 1.0 statvolt. Thus, 
by applying, say, -50 volts to the ring (shown in Fig. 2) we retard all electrons 
with energies less than (, 4)(50eV) = 20eV and collect all electrons with more 
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than 50eV energy. Electrons with energies between 20 and 50eV may be re- 
tarded depending on direction of emission. When zero volts is applied to the 
ring, there is no retarding potential and all emitted electrons are passed to the 
collector. 


The angular dependence of the retarding potential can be lessened by changing 
the sizes of the target and ring. However, since high energy electron (210KeV) 
bombardment produces relatively few emitted electrons with energies between 
20eV and 50eV this angular dependence is of no consequence. 


The advantages of the bias ring in an approximately hemispherical geometry 
are now clear: 


(a) Electron transmission is 100%. 
(b) Construction is relatively simple. 


(c) No grids need to be imposed in the primary beam path or 
secondary electron paths. 


(d) The retarding potential does not cause electrons emitted by 
both the chamber walls and the collector to flow to the 
target. For most geometries, only the flow of electrons 
emitted by the sample will be affected by the retarding 
potentials. 


The device has been used to measure low energy and high energy electron 
yields from metals bombarded by 0.2 to 1.4 MeV electrons. Besides studying 
secondary electron yields the device has potential application in microprobe and 
SEM work: 


1. Secondary electrons can be suppressed using this technique. 


2. Secondary electron emission could be measured by rapidly 
varying the ring bias and concurrently measuring the in- 
phase sample emission current while holding the primary 
high energy beam current relatively constant. 


3. For samples at high temperatures, the ring can be used to 
suppress thermionic emission while allowing secondary 
emission to pass(4). This is done without requiring that a 
grid be placed in front of a sample. 
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Fig. 1 Schematic of hemispherical triode and secondary emission 
measuring apparatus. A collimated or focused beam of high 
energy electrons passes through a hole in the spherical collector 
and bombards the target. A negative potential applied to the 
ring can retard target emission. The emission can be measured 

by many electronic techniques; in this case a bridge circuit is 
used to attain high accuracy. 


mam EMITTER ©=0 

mmd RING Do = -1 statvoll 

a, HEMISPHERE RADIUS = 10.0 cm 
b,EMITTER RADIUS = 0.5 cm 

c, RING OUTER RADIUS = 1.5 cm 


——20 


00cm 04 0.8 12 16 2.0 


Fig. 2 Constant potential lines in the hemispherical triode. | 
The entire hemisphere is not shown. The region around the emit- 
ting target and the ring are shown because it is the potentials 
in this region that retard secondary electrons. 
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THE APPLICATION OF SCANNING ELECTRON MICROSCOPY AND ELECTRON PROBE 
MICROANALYSIS TECHNIQUES TO THE FORENSIC SCIENCES 


Gary Judd 
Materials Division 
Rensselaer Polytechnic Institute 
Troy, New York 12181 


The potential for the application of electron optics techniques such 
as scanning electron microscopy (SEM) and electron probe microanalysis 
(EPM) to forensic sciences has been well recognized for several years. 
Basically the thought has been that the ease of photomicrograph inter- 
pretation, high resolution, high depth of field of the SEM and these 
similar properties coupled with the sensitive chemical composition 
capabilities of the EPM should make these instruments ideally suited 
for examination of physical evidence samples. However, this has not 
been the case primarily due to the fact that while the potential was 
realized the actual utilization required acceptance by the court 
system. As a prerequisite of that step, the study of various evidence 
material types by SEM in an effort to evaluate the reliability and 
reproducibility of this examination type was needed. In addition to 

a determination of the quality and precision of this application for 
SEM-EPM, the techniques required for handling and preparing physical 
evidence samples, the special technology and the analytical procedures 
that would be necessary in the application by forensic scientists had 
to be understood, well defined, and developed prior to any use in the 
field. Thus a research program of study in depth of each of several 
physical evidence sample types was necessary in order to ensure the 
most efficient and effective utilization of these techniques. 


Paint chip samples were chosen for the initial study for several 
reasons; first, they are often found in such minute quantities that 
optical comparison analysis and gross chemical dissolution tests are 
difficult if not impossible; second, the reliance on color as a method 
for comparison is such that rarely can identification be made any more 
narrow in category than that of year, make and model, and when the 
colors are hard to differentiate from year to year, or car to car, 
e.g., blacks or whites, even identification of make or year may be 
impossible. Thus it was felt that the SEM could be used to analyze 
these types of samples directly and if there was any characteristic 

of the surface or cross section which could be found, the SEM with 

its excellent photomicrographic capabilities would be able to accom- 
plish the identification. 
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Nearly one hundred paint samples from over fifty different vehicles 
were received from the New York State Police Scientific Laboratory. 
These were prepared for SEM observation and a total of 500 separate 
surface photomicrographs of the exterior (outside paint surface that 
one normally sees), cross section (edge), and interior (primer paint 
to metal side) surfaces were made. 


The observations made could be divided into two categories. Firstly, 
those surface topographies which are so truly unique so as to present 
unequivocal data for use in a positive comparison of two samples from 
the same source; and secondly those surface topographies which while 
representative and characteristic of their source were less unusual 
in appearance and therefore were used for placing a sample in a class 
grouping for further evaluation. The second category of results were 
often used for a positive comparison of sample to source, but this re- 
quired the use of more than one photograph view, for example edge and 
exterior photographs. In addition to use of topographical features, 
the energy dispersive analyzer has been employed to identify contam- 
inant particles and to obtain spectra for the paint layers. This 
added analytical capability greatly facilitates comparison procedures. 


A second group of evidence samples studied has been firing pin im- 
pressions. These analyses utilized the high depth of field capa- 
bilities of SEM and unequivocally established the fact that firing 
pin impressions over an extended number of firings can be used for 
characterization of the source weapons for most of the twenty weapons 
studied (semi automatic pistols, revolvers, and shotguns). 


Another area of investigation has been whether the EPM can be used to 
determine the source ammunition of bullet fragments when any of 
several known ammunition sources were possibly used. In this study 
the antimony and sulfur content were found to vary significantly in 
certain batches of lead bullets. Using the antimony level as one 
criteria and the sulfur level as the second, sources of lead ammu- 
nition could be divided into categories, greatly aiding in the iden- 
tification process of fragments. 


A special imaging technique being developed for use in forensic 
samples in this program is a video taping method whereby an initial 
sample is taped and then the film played back while a second sample 
is viewed "live" in the SEM. The second sample can be oriented so 
as to present the exact same orientation to the camera as the first 
sample and therefore allow a view for comparison with no orientation 
shift or distortion. This development will minimize any possible 
misinterpretation in the photographs. 


In summary, the SEM and EPM have been used as a basis for establishing 
a definite comparison between samples in several forensic evidence 
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category types. These comparisons have been performed based upon 
unique aspects Of topography, overall class correlation, and/or 
composition analysis. The success of the SEM in paint sample analysis, 
bullet fragment studies and firing pin impression comparisons, pre- 
dicts an extensive future application for these instrumentation 


techniques in the examination of physical evidence by forensic 
scientists. 
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QUANTITATIVE ANALYSIS OF ULTRA-THIN SECTIONS: A MODEL EXPERIMENT 


M. I. Corlett, Department of Geological Sciences, Queen's University, 
Kingston, Ontario, Canada; and R. S. Thomas, United States Depart- 
ment of Agriculture, Agricultural Research Service, Western Utilization 
Research and Development Division, Albany, California 


Most quantitative electron probe microanalyses are carried out on 
sections whose thickness is greater than the depth of penetration of the 
exciting electron beam. When one is faced with the analysis of a thin section 
of materials -- a section whose thickness is less than the depth of penetration 
of the exciting electron beam -- at least three new problems arise: 


A. What percentage of the thin-section X-ray production is absorbed, 
compared to a thick section of the same material? 

B. What change is there in X-ray production because a supporting 
substratum (e.g. a glass slide) is encountered whose average atomic number 
differs from that of the thin section? 

C. What percentage of the thick-section X-ray production is produced 
by the thin section? 


A. The absorption correction. In a thick section the average 
absorption path is approximately 0.5 x effective electron range x cosec @. 
In an ultra-thin section the average absorption path is approximately 0.5 x 


thickness of section x cosec @. Therefore, for the thin section Opick BedeioK 


is multiplied by (thickness of thin section/effective electron range for the 
radiation being considered) before £(X%) is calculated. 


B. The substratum effect. Consider a section of 100 & thickness. 
From our information on effective electron ranges (see C), the energy of the 
incident beam is virtually unchanged by its passage through this thickness of 
most materials. The beam is now incident on a supporting substratum; some 
electrons which are backscattered from this substratum will excite X-radiation 
in the thin section. But if this were a thick section there would also be 
electrons travelling back from the depths below 100 R, and exciting X-rays in 
the upper regions. The change in the number of electrons being backscattered 
because the depths below 100 are of a different material is compensated for 


by multiplying the apparent thin-section concentrations by Re sieaiin’  oeerien 


where R is the Duncumb and Reed backscatter correction factor and an exciting 
voltage equal to the accelerating voltage is assumed, at least for ultra- 
thin sections. 


C. Percentage yield. One can obtain data from Andersen's (1) 
effective electron range measurements and the Thomson-Whiddington full electron 
range; these ranges are given as mass depths. Andersen's measurements on 
Sika and OKa may be separated; thus we have measurements available of mass 
depths at which electrons have the energies 0.0, 0.53 and 1.84 KV, as well as 
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the mass depth (0 mg/cm) at which the electrons have their incident energies. 
These mass depths can be translated into linear depths for any given density 

of materials; thus for a given incident electron energy, the energy of electrons 
at any depth in the specimen can be determined graphically, and the effective 
linear electron range for any radiation can be obtained. When Andersen's 
experimental results for depths corresponding to 50% of X-ray production are 
added to the effective electron range information, curves may be drawn relating 
thickness of section to percentage of thick-section X-ray yield. 

While this approach is valid for thin sections in the 1-2 micron range 
it is difficult to define the percentage X-ray yield precisely enough for 
ultra-thin (ca. 100 R) sections. Thus a model experiment was set up. NaPO3 
layers of different thicknesses (40-350 R) were evaporated on SiO» glass discs 
and analysed for Na and P. Since SiO, and NaPO3 have similar atomic numbers the 
supporting substratum effect could be ignored. Absorption of X-rays by these 
thicknesses of NaPO3 is virtually nil; only the absorption of X-rays in the 
standards needed to be considered. Secondary fluorescence is negligible, and 
atomic number effects would be nearly identical in the specimens and the 
standards used (NaA1Si30g and Ca P07). Then for any section and radiation 

be wed k} F(A) standard 
tb yield == x. > OO C§=- L000 
Cc £ (hf) : 
specimen 


where k! is the apparent concentration in the ultra-thin section, c is the true 
concentration, and f (X) is the modified Philibert absorption correction. 
Percentage yield can be plotted against thickness of the section to give the 
ultra-thin section continuation of the percentage yield curves derived from 
Andersen's work. These curves can then be used to calculate the percentage 
yield from thin sections for any radiation, provided only that the density of 
the material and the thickness of the section are known. 


The results of the model experiment and calculation were applied to 
ashed thin sections of Tipula iridescent virus; no elements other than 
phosphorus could be detected, and the amount of phosphorus present is con- 
sistent with the composition H3P0,. Related electron microscope studies (2) 
on these ash patterns have pinpointed the location of DNA-phosphate in the 
virus. 
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The Ionization Function and its Application to the Electronprobe Analysis of Thin Films 


W. Reuter 
IBM Watson Research Center 
Yorktown Heights, New York 


We developed an analytical expression for the depth distribution @ (pz) of the 
x-ray production in electron probe microanalysis. In this expression the electron 
transmission in the multiple scattering region is represented by a linear fit to 
Cosslett's | experimental data (Fig. 1). In the region of random diffusion the trans- 
mission is expressed as exp (-cpz). The surface ionization ¢ (o) is given by an 
analytical expression, which is in good agreement with our experimental data (Fig. 2) 
and with the data calculated by Duncumb and Mel ford.¢ The effective path length in 
the diffusion region was calculated from Cosslett's | experimental data on the angular 
distribution of electrons transmitted through thick films. In the intermediate range 
Cosslett's expression for the depth dependence of the mean scattering angle was used. 
The depth distribution of the mean electron energy was approximated by Bethe's law and 
the corresponding ionization cross section was calculated from an equation fitted to 
the experimental data of Clark® and Green.* X-ray generation curves calculated by our 
expression are in good agreement with those experimentally determined by others 


(Fig. 3). 
The x-ray generation function was applied to the analysis of thin films after 


appropriate changes have been made in 9 (0) as a function of the substrate composition 
and the film thickness. The mass deposition of the element in the film is found by 
numerical integration of the generation functions for the film and the bulk element 
standard respectively. The relative standard deviation is approximately + 10%, based 
on the analysis of films of known thickness, using a wide range of substrate materials 
and primary energies (Table 1). 


1. V. E. Cosslett, R. N. Thomas, Brit. J. Appl. Phys., 1964, Vol. 15, 883. 

92. P. Duncumb, D. A. Melford, 1966, Ist Nat'l. Conf. on Electronprobe Microanalysis, 
College Park, Maryland. 

J. C. Clark, Phys. Rev., 1935, 48, 30. 

M. Green, Ph.D. Thesis, University of Cambridge, 1962. 

A. Ya, Vyat-skin and A. F. Makhov, Zh. tekh. Fiz., 28, No. 4, 740 (1958). 

J. R. Young, J. Appl. Phys., 28, 524 (1957). 

R. Castaing and J. Henoc, X-Ray Optics and Microanalysis (Herman, Paris, 1966) 

p. 120. 
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Figure 23: 


Upper curve: 


emitted by a thin Cu-film on various substrates. 


Lower broken curve: Normalized (15/T529 
experimental curve. 


Lower solid curve: 


Background corrected Cu Ka intensity 


$= 142-8( 1 ~-TE./Ee) . 
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AN ELECTRON MICROPROBE STUDY OF GOLD FILMS 


by 
R. B. Bolon and E. Lifshin 


Materials Characterization Operation 
General Electric Corporate Research and Development 


The broad use of electron microprobes and scanning electron 
microscopes in the area of microelectronics has necessitated the 
development of quantitative correction procedures for the analysis 
of thin films. Although several models have been proposed!;2;3 to 
describe X-ray generation for both pure elemental and alloy films, 
relatively little experimental data has been collected to test 
their validity. This is not too surprising because it is diffi- 
cult to prepare uniform films of known thickness for pure elements, 
and additional complications arise in the case of alloys where the 
samples must be homogeneous and of known composition. 


Although the present study is directed toward the analysis of 
thin films prepared from NBS Cu-Au microprobe standards, this paper 
is principally concerned with the results obtained from a prelimi- 
nary study of pure gold films. Although some data has already been 
collected on gold films by other investigators!,;5, it was necessary 
to collect additional data for a variety _of substrates, operating 
voltages, and film thicknesses at the 18° takeoff angle of the 
Cameca microprobe used for this study. Furthermore, since it was 
felt that the accuracy of thin film data is often limited by film 
thickness measurements, a specially machined rotary shadowing mask 
was made to Simultaneously deposit seven films varying in thickness 
by factors of two. Interference microscopy was then used to 
measure the thickest layers where the highest accuracy could be ex- 
pected. Examplesof data collected are presented in figures 1 and 2 
which show the dependence of the AuMa X-ray intensity on film 
thickness for a variety of substrates and operating voltages re- 
spectively. Measurements have also been made of the backscattered 
electron fraction as a function of substrate and the transmitted 
electron signal for carbon supported films. The various types of 
experimental data collected will be compared to that generated by 
Monte Carlo calculations using the method of Curgenven and Duncumb. 
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The Effect of Take-Off Angle on Particle Analysis 
With the Electron Microprobe 


J. T. Armstrong, P. R. Buseck, and E. F. Holdsworth 
Departments of Chemistry and Geology 
Arizona State University, Tempe, Arizona 


Fine-grained particles (1-20 4 diameter) are widespread—for example, as airborne 
industrial and mineral pollutants, as ablation products from rockets and meteorites, 
as metal and insulator corrosion products, and as small inclusions in minerals and 
synthetic materials. Determination of their chemical composition presents major prob- 
lems. The electron microprobe is, because of its small beam size, the best means for 
analyzing individual particles. 


There are major difficulties connected with attempting to obtain quantitative or 
semi-quantitative analyses of small particles with the microprobe. The particles are 
too small to routinely imbed in a matrix and polish, and correction equations utiliz- 
ing a fixed take-off angle for a flat surface are inappropriate. In addition, the 
volume excited by the electron beam generally exceeds the size of the smaller parti- 
cles, thereby preventing the use of absolute count rates. 


We have devised a series of experiments to determine whether these problems can 
be compensated for and reasonably accurate analyses of particles can be routinely 
performed. 

White et es have suggested that approximate quantitative analyses of irregu- 
larly shaped particles may be obtained by comparing the ratios of intensities of two 
élements in a sample to a calibration curve obtained by determining similar ratios 
in a set of standards. They found that intensity ratios determined for two elements 
on an ARL-~EMX microprobe for a variety of sets of zeolite particles of differing mor- 
phologies but identical compositions varied only by about 10-15% relative to the mean. 
We have confirmed these results for a variety of minerals on a Cameca MS-46 micro- 
probe. This is encouraging, because theoretically if the take-off angles varied ran- 
domly from particle to particle and from spectrometer to spectrometer, the ratios 
would vary by several hundred percent in many instances. 


There are several limitations to the ratio method. At best, it approximates a 
similar method used for analyzing flat surfaces while not correcting for absorption, 
fluorescence, and atomic number effects. Consequently, its use is restricted to the 
special case when a suite of standards very similar in composition to the particles 
being analyzed is available. Our experimental evidence shows that ratios measured 
from a set of particles of known composition are consistently different from those 
measured from a polished specimen of the same composition—clearly, the particle 
geometry is an important veriable and cannot be assumed to be similar to that of a 
flat surface. Thus, in order to use this method for particle analysis, one would 
need a set of powdered standards. Such standards are difficult to prepare, are not 
always reuseable because they commonly degrade under electron bombardment especially 


if they contain volatile elements, and they are difficult, if not impossible, to recoat. 
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The ratio of intensities found in particles could be compared to those in polish- 
ed standards if a useable mean take-off angle for the particles could be determined. 
We have analyzed both particles and polished sections of known compositions and 
determined their various intensity ratios for a variety of minerals. By reversing 
the conventional absorption and fluorescence correction equations (the atomic num- 
ber correction cancels out when ratios are used) we solve for the take-off angle 
for each element. In order to obtain a unique solution for the take-off angles, 
it is necessary to take several different pairs of element intensity ratios on each 
particle and solve the equations simultaneously. In our case (Cameca MS-46 micro- 
probe) we used ratios measured from four spectrometers—two pairs of spectrometers 
located at oppsite sides of the specimen. 


We have found that the range of calculated take-off angles for particles of a 
wide range of morphologies and sizes (1-20 u) is reasonably narrow. Moreover, it 
is measurably different from the 18° take-off angle of the Cameca microprobe for a 
flat surface. Thus it appears that a useful mean take-off angle for particles can 
be approximated for use in a modified correction program. We have designed such a 
computer program to correct intensity ratios for fluorescence and absorption. 
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ION MICROPROBE ANALYSIS OF SMALL PARTICLES 


Michael A. Bayard 


Walter C, McCrone Associates, Inc., Chicago, Illinois 


The ion microprobe is perhaps one of the most useful tools for the all around analysis of 
particles. The basic operation of the machine is fairly simple. A beam of ions is generated 
in a duoplasmatron, accelerated to a suitable voltage and then passed through a primary 
mass filter in order to select a single species of ion for bombarding the sample. Any gas 
which will not corrode the source can be used. The single species is next focused by a pair 
of electrostatic lenses to form a spot on the order of 1 pm on the surface of the sample. 
Secondary ions generated from the impact of the primaries are collected by an electrostatic 
collecting system, then passed through a mass spectrometer and analyzed. In addition, as 
in the electron microprobe, an optical microscope is provided for viewing the sample while 
under bombardment by the ion beam. Unfortunately, the present mass spectrometers used 
in ion probe microanalysis are of comparatively low resolution, the resolution being sacri- 
ficed in order to get a reasonable collection efficiency for the ions generated on the sample. 
Roughly 10% of the ions generated can be collected. All elements in the periodic table can 
be detected though the sensitivity varies by over two orders of magnitude. 


In practical terms, the ion probe proves to be a very useful machine. Most of our applica- 
tions to date have been in the area of small particle analysis where we are interested in de- 
termining the composition of both the outer layer of a particle, thus indicating its reactions 
with an environment, and the overall composition of the bulk material in the particle. In 
most cases considerable useful information can be gotten from the first 30-50 monolayers 
present in a particle as small as 1pm. There is one rather odd and fortunately useful pro- 
perty which occurs in the analysis of both thin films and small particles. This is the pro- 
perty of recondensation of material from the particle. The mass spectrometer is roughly 
10% efficient and, of course, the sputtering process is also fairly inefficient at producing 
ions to be collected. However, in many cases material from a particle or thin film will con- 
dense to form a layer around the area of impact of the ion beam. This condensed layer can 
then be looked at with the beam as if it were the original material present in the sample, with 
the reservation that, in some cases, material will preferentially condense and unfortunately 
not have precisely the same composition as the particle. However, in many cases, itis 
better to try to attempt analysis of this condensation layer rather than the true surface of the 
particle. One reason for this is the fact that a reactive emission layer usually must be built 
up on the surface of the sample in order to get even reasonably quantitative analyses. For 
the first few tens of seconds to several minutes of ion bombardment, the intensity of emis- 
sion fluctuates greatly. After a reactive layer is formed with the gas in the ion beam, usu- 
ally oxygen, emission becomes steady and quantitative analysis can be attempted. Witha 
small particle or thin film sample, although the first material sputtered off directly into the 
mass spec does not conform to this reactive layer, the condensed material does and, to a 
first approximation, can be analyzed quantitatively. Otherwise, at least 100 monolayers 
would have to be removed in order to approach the steady state conditions required for quan- 
titative or semi-quantitative analyses. 
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The most critical limitation of the ion probe is the destruction of the sample. With particles 
on the order of half a micrometer or less this can be a real problem. Fortunately, the count 
rates and peak to background ratios are good. Particles of chromium oxide less than 500 A 
across can readily be seen. The survival time of such a particle can be as long as 40 sec- 
onds. Also, because the condensation effect tends to enlarge the apparent ion source from 
the sample, a fairly large beam will still give a good signal on very small samples. 


Many different particle systems have been analyzed. Lead particles from auto exhaust sam- 
ples have been studied in some detail. There seems to be considerable difference between 
the composition of the outer layers of lead chlorobromide particles and the center of the 
particle. Tentative results indicate an almost pure PbBrg species on the surface of particles 
in the 0.3-0.5 wm size range, although more work is needed for verification. 


Another facet, where the ion microprobe may prove very useful is organic analysis. At pre- 
sent the ion microprobe is thought of strictly as an inorganic tool and, for the most part, 
rightly so. However, many organic materials do give characteristic spectra when bombarded 
with very low voltage ions. Admittedly, the spectra are very difficult to interpret and, in 
most cases, the only thing that can be attempted is a fingerprint matching type of technique. In 
many cases though this is much better than no information at all as to the characteristics 

of the organic material. 


TABLE 1 TABLE 2 
Composition of Lead Particles in Auto Exhaust, Composition of Lead Particles in Auto Exhaust, 
Outer Layer of Particle Center of Particle 
 ———— 
(%) (%) 
Size (um) Pb Cl Br Size (um) Pb Cl Br 
_ 
0.2 50 12 41 0.8 63 11 22 
0.5 55 7 40 0.7 65 13 18 
0.7 52 3 43 0.5 59 10 33 
0.2 56 2 40 0.7 68 15 17 
0.3 51 12 39 0.3 59 16 24 
0.4 58 2 38 0.5 62 14 21 
1.5 62 12 27 0.2 61 10 25 
0.2 52 8 41 0.5 67 11 20 
0.3 59 3 37 0.8 65 13 22 
0.7 51 10 39 0.3 63 10 29 
0.6 60 15 26 0.9 65 9 25 
0.8 58 2 41 1.8 59 11 29 
SS 1.7 68 14 19 
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SECONDARY ION EMISSION AND AUGER SPECTROSCOPY 
FOR THE SURFACE AND IN-DEPTH ANALYSIS 
OF SPUTTERED TANTALUM THIN FILMS 


by 


J. M. Morabito 
R. H. Minetti 


BELL TELEPHONE LABORATORIES, INCORPORATED 
555 Union Blvd. 
Allentown, Pennsylvania 


and 


R. L. Lewis 
Cameca Instruments 
Elmsford, New York 


The Cameca* Ion Microanalyzer has been used to analyze the 
surface and bulk of a number of sputtered tantalum thin 
films. This technique of chemical analysis has unique 
analytical capabilities which are based on the emission and 
subsequent mass analysis of characteristic secondary ions 
ejected by high energy (several KeV) ion bombardment. 


Secondary ion mass spectra can be obtained which identify 
all impurity elements (including isotopes) present in the 
film with a sensitivity for most elements in the ppm range. 
Ion images with a lateral resolution of ~ ly independent 

of primary beam size can provide a chemical distribution 
map of the impurities in the bulk and on the surface of 
the films. In-depth concentration profiles,can also be 
obtained with a depth resolution in the 50 A - 100 

range which makes localized (i.e. small selected volume) 
analysis possible. The results obtained on sputtered 
tantalum films,reactively sputtered (Argon-oxygen mixtures ) 
tantalum films, thermally oxidized tantalum and tantalum- 
aluminum films are presented to demonstrate these unique 
analytical capabilities. 


In addition to these results, analytical results by Auger 
Spectroscopy and ESCA (Electron Spectroscopy for Chemical 
Analysis) on the same films have also been taken when comple - 
mentary to ion emission analysis. The combination of both 
Auger Spectroscopy and Secondary Ion Emission analysis pro- 
vided new insight into the surface chemistry of sputtered 
tantalum films and on the lateral and depth distribution 

of the impurities present in these films. Secondary ion 
emission was found to be more sensitive than the Auger 
technique. 


ee a See 
*Cameca Instruments, Elmford, N. Y. 
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The limitations of quantitative analysis based on a general- 

ized model of secondary ion emission are also discussed. These 
limitations are mainly due to the existence of several mechanisms 
in the ion formation process and the possibility of the super- 
position of emission mechanisms, mass interferences, and to 
chemical and matrix effects which influence the yield of 
secondary ions. It is possible, however, to do quantitative 
analysis with the technique down to the ppm level with standards 
of known composition and structure. Quantitative analysis by 
this method is shown to depend on the accurate and reproducible 
measurement of characteristic parameters such as sputtering rate (%)and 
secondary ionization yield of the impurity relative to the 

matrix (Kpe,). The magnitude of Kng, is best determined by 

the use of standards. The equation which relates impurity con- 
centration C (ppm at.) in a given matrix to these parameters is 


. 6 100 
"a a a. S(E, a, M) 
L 1 


(equation 1) 
Kye Km o & A(1.6 X 10719 c°/ion 


where, 


1. C- Concentration (ppm Atomic) 


2s 1, - Secondary Ion Current of Impurity 
34 ae Isotopic Abundance 
4. S(E, %®,M) - Sputtering Efficiency of Matrix 
ae Ks - Secondary Ion Yield of Matrix 
6. o - Surface Atom Density of Matrix 
7. % - Sputtering Rate 
8. A - Area of Analysis 
9. | re ~ Secondary Ion Yield of Impurity 
Relative to the Matrix 
10. C° - Couloumbs 


Fq. 1 is applied to results on oxygen and nitrogen containing 
tantalum films, and for silicon in er The accuracy of these 
quantitative results is believed to bé Within + 102%. 


Qualitative surface analysis is possible with secondary ion 
emission, but the presence of hydrocarbon compounds and 
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adsorbed gases which cause mass interferences makes unambiguous 
surface impurity identification difficult. The Auger spectrum 
in the energy range from 0 eV to 975 eV obtained prior to in 
situ ion cleaning on a sputtered tantalum film is shown in 

Fig. 1. The major impurities on the surface of ‘this: Lilm<are 
sulphur, carbon, oxygen, nitrogen, iron, nickel, and copper. 

The significance and cause of these metallic impurities has 
been investigated. The secondary ion mass spectrum obtained 

on the same sample in the mass range from 50 to 72 is shown in , 
Fig. 2. The spectrum was taken while sputtering through v 100 A 
of the tantalum film. The same metallic impurities detected 

by Auger Spectroscopy (Fig. 1) are present, but identification 

of these impurities is complicated by the presence of hydro- 
carbon CyHy parasite lines as shown in Fig. 2. This interference 
effect disappeared and did not return after the removal of 
approximately 40 RK from the tantalum surface. It is therefore 
not due to contamination of the tantalum film from residual 

gases in the sputtering chamber of the Cameca instrument. It 

is attributed to the presence of hydrocarbon compounds on the 
tantalum film prior to analysis. 


¥IGURE 2. Secondary Ion Mass Spectrum of Sputtered Tgntalum 
PIGURE 1. Auger Spectrum of Sputtered Tantalum Film Film. This Spectrum was Recorded While Removing 100 A from 
Prior to In Situ Ion Sputtering with Argon Ions the Surface with Primary Argon Ions. 
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CARISMA™ A QUANTITATIVE CORRECTION PROCEDURE 
FOR THE ION MICROPROBE MASS ANALYZER 


C. A. Andersen 
and 
J. R. Hinthorne 


Hasler Research Center 
Applied Research Laboratories 


An analytic model has been developed (1) for the interpretation of sputtered 
ion emission from samples bombarded with high energy beams of reactive gases. 
This model states that the major factors that alter the relationship between 
the relative sputtered ion yields of the elements and their atomic concen- 
trations in a given sample are those that are related to the excitation and 
ionization of the sample atoms in the atomic collisions caused by the ion 
bombardment. In this respect, our experiments have indicated that an equi- 
librium partitioning of energy exists between the atoms in the bombarded 
region, and that the ionization process can be written as a dissociation 
reaction: 

Mo M'+e7 
Where the dissociation constant is given by: 

ntn - 

K+= _M oe 
n Dy 
where the n's represent the concentrations per unit volume of the singly 
charged positive ion and atoms of M and of the electrons. Under equilibrium 
conditions the energy states of all the particles within the excited volume 
can be described thermodynamically and the ion to atom ratio of each element 
calculated using the Saha-Eggert ionization equation: 


| 3/2 
é -_ + = 
K + (3 ay ree. xt) Mores Be e7E/KT 
M 


where h is Planck's constant, k is Boltzman's constant; T is the absolute 
temperature, m represents mass, B represents the partition function, and E 

is the dissociation energy (in this case it is the first ionization potential 
of the atom M). It can be seen that if the partition functions and ionization 
potentials are known, the ratio of the number of singly charged ions to 
neutral atoms of an element is determined by the temperature and electron 
density of the assemblage. 


This is the basis for a quantitative method since the singly charged ions are 
directly observed in the mass spectrum. Prediction of the singly charged to 
neutral atom ratio permits the calculation of the total number of atoms of 

an element present in the sputtering assemblage. If all the elements observed 
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in the mass spectrum are corrected in this way, the atomic composition of 

the sample is derived. A computer program entitled CARISMA™ (Corrections to 
Applied Research Laboratories Ion Sputtering Mass Analyzers) has been developed 
to perform these computations (2). 


The accuracy of the correction procedure in trace element analysis is illus- 
trated in figure 1 where well-characterized standard materials were analyzed. 
For each specimen CARISMA™ was used to search T-n,-space to find a set of 
values for these two parameters which on the basis of the observed sputtered 
ion intensities gave an absolute atomic composition that best matched the 
known concentrations of two of the elements selected to be internal standards 
in that specimen. The observed intensities of all the other elements in the 
sample were then corrected at these same T and n_- conditions to give the 
results illustrated. The elements used as internal standards are not shown 
and generally have an error of less than 5%. The vertical axis gives the 
average concentrations for the elements as determined by a variety of twelve 
common analytic techniques (3). A vertical bar illustrates laboratory spread. 
All values are in atomic percent. This type of comparison has been accom- 
plished for over twenty elements to date with satisfactory results. CARISMA™ 
also contains provisions for using one or no internal standards but the 
accuracies of these procedures have not yet been fully evaluated. 


The sputtering assemblage is basically a dense plasma of coexisting positive 
and negative atomic and molecular ions, of electrons, and of neutral atoms 
and molecules. The molecular and atomic species in an equilibrium assemblage 
are related through the dissociation reaction: 


MO == MtO 
where the dissociation constant is given by: 


non 
Mo 


Mo 


nN Nn 


where the n's represent the concentrations per unit volume of the atoms and 
molecules. This dissociation constant can also be calculated with an appro- 
priate Saha equation: 


iC 2 Q 7 O 


T 
' og ™Mo Mo 


where the symbols are as before and E in this case is the dissociation energy 
of the diatomic gaseous molecule. At a given T and n_~ these relationships 
can be used, for example, to calculate the molecular monoxide to metal atom 
ratio if the concentration of free oxygen in the plasma is known. These 
equations are used in CARISMA™ to correct the data for atoms present in 
molecular form. 


/ 3/2 BB -E/kT 
e kT e e 


The accuracy of this approach is iliustrated in figure, ¢ where data obtained 
from a mineral standard bombarded with a pure beam of O is shown. They, 

observed positive atomic and molecular ion intensities of both MO and M O 
have been corrected for their degree of ionization and plotted as a function 
af the calculated dissociation constant and the average concentration of free 
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=p or 6 in the plasma as determined from the data. The Fit of the data 
demonstrate that the molecular ions observed in the mass spectrum are the 
products of equilibrium reactions in the plasma phase and that their relative 
concentrations can be calculated from the above equationg The correlation 
of the data for mole ules of the same atom with natural ~-O fom the sample 
and with implanted 0 demonstrates that the observed molecules are not 
directly related to the molecular structure of the solid. The concentration 
of implanted oxygen can also be calculated from these data. 
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PREPARATION AND EXAMINATION OF BIOLOGICAL SAMPLES 
T. A. Hall 
Cavendish and Biological Microprobe laboratories, Cambridge, England 


In this review paper we shall concentrate on two aspects of biological studies: 
the assessment and prevention of electron beam damage, and the preservation of 
the distribution of chemical elements during specimen preparation. We shall also 
consider the speed of microprobe analysis in relation to the requirements of 
biological studies. 


Beam damage: Besides earlier studies of the removal or displacement of elements 

by electron probes in inorganic materials (1,2,3), there are now reports of 
effects in biological specimens (4,5). H&8hling et al (5) carried out measurements 
on kidney homogenates and kidney sections 6 um thick, cut frozen and then dried in 
vacuum, and mounted on Nylon films 100-200 nm thick. Potassium, chlorine, sodium 
and continuum X-ray intensities were monitored during successive 6 or 10 sec 
counting intervals under a 30-kV probe. Effects were observed as a function of 
specimen current (10 vs. 60 nA specimen current as measured on a copper block), 
and as a function of coating (evaporated Al layer of approx. 30 nm, applied either 
to the top or to both faces of the preparation). The characteristic intensities 
did not show any clear change with time but large changes occurred in the 
continuum X-ray intensity, which is a measure of total mass. At 60 nA, for the 
singly coated specimens, the average mass during the initial counting period was 
approx. 15-20% higher than during subsequent counts. Smaller losses were observed 
for singly coated specimens at 10 nA and for doubly coated specimens at 60 nA, 
while no losses were manifest in doubly coated specimens at 10 nA, 


H§hling et al also measured the mass fractions of K, Cl and Na in their sections 
(using thin stable mineral standards and the Marshall-Hall method (6,7) ), and 
compared their probe measurements with flame photometric assays of unprobed 
samples. For the singly coated specimens exposed to 60 nA, the average ratios of 
flame-photometric to electron-probe values were 0.59(K), 0.54(C1) and 0.59(Na), 
suggesting a loss of approx. 40% of total mass under the electron beam. 


At present we attribute the difference between probe and flame-photometric assay 
to beam damage, and we believe that the above "measure" of loss of 15-20% is not 
inconsistent with the apparent loss of 40%. According to Stenn and Bahr (8), the 
main cause of loss of organic mass is probably not thermal but is the escape of 
volatile molecules produced by the direct rupture of chemical bonds. The data of 
Bahr et al (9) indicate that the losses occur at extremely low exposure. They 
found that for a variety of organic films, 10-80% of mass is lost almost 
immediately and the remainder is thereafter relatively stable, the main loss 
occurring within an exposure of the order of 0.1 nanocoulomb/um~. Hence we cannot 
expect to see the full mass loss by means of sequential measurements with counting 
intervals of several sec, with currents of 10 nA or more; most of the loss of mass 
may occur entirely within the first counting interval. 


Thus beam damage seems to raise serious obstacles to the measurement of elemental 
mass fractions in biological tissues. There,is no hope of doing X-ray microanalysis 
with integrated beams of 0.1 nanocoulomb/um” even with silicon energy-selective 
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X-ray detectors placed extremely close to the specimen. Also, we cannot hope to 
prevent the rupture of chemical bonds. We must seek preparative techniques which 
may prevent migration or loss after bond rupture has occurred, and we need 
monitoring methods which can establish the adequacy of these techniques. 


At present we are setting up to monitor mass loss by means of continuum intensities 
with a silicon detector located approx. 15 mm from the specimen. The,counting 
intervals_yill be of the order of 100 ms. With sections of 500 ug/em” (ise., 
5eumegecm ”) we expect 0.1 nanocoulomb to produce approx. 1000 continuum counts, 

so that this arrangement should suffice to follow mass loss directly under typical 
conditions of microanalysis. However the sensitivity of this method is probably too 
low for similar studies of the much thinner specimens (approx. 100 nm thick) which 
are used when the best spatial resolution is essential. 


Specimen preparation: An important but difficult problem is the localization of 
readily diffusable substances, especially electrolytes. The preparative 

procedures for such studies all begin with very rapid freezing of a fresh tissue. 
This may be followed by the freeze-drying of a block, vacuum-embedding and then 
sectioning (10); or by freeze-substitution, embedding and sectioning (11); or by 
frozen sectioning and drying of the section (12,13,14). A more recent technique is 
frozen sectioning followed by study of the frozen section in the microprobe, 
always maintaining temperatures low enough to retain all water in the form of ice 
(15,16). In a 2-um section the ice can be preserved even locally under a 30=kV, 
30=nA beam, if care is taken to provide good uninterrupted thermal conductivity 
back to the cold reservoir at liquid nitrogen temperature. In dried frozen sections 
there must be some migration of electrolytes, although Appleton (17) has shown 
that considerable localization can be maintained even intracellularly. In iced 
specimens localization is presumably better preserved and beam damage is perhaps 
reduced by better trapping of the volatile products of ruptured bonds; however 

the visualization of detail is a problem in such specimens, especially if they 

are not stained. 


Speed_of analysis: To achieve high spatial resolution and avoid beam damage, the 
trend is towards analysis of ultrathin specimens with fine, low-current probes 
and closely placed silicon detectors. X-ray intensity is reduced by a factor of 
60 in going from a 60 to a 1 nA beam, and by a further factor of 20 in going from 
2 um to 100 nm sections. Consequently it is not uncommon to see running times 

of 1000 sec quoted for assays in ultrathin sections. One thousand sec per point 
is too long for quantitative biological research projects. Hence for many studies 
thicker sections are preferable, and it is still urgent to establish ways to 
stabilize specimens under high beam currents. 
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A COMPUTER PROGRAM FOR QUANTITATIVE MICROANALYSIS OF THIN BIOLOGICAL MATERIAL 
By 
Ronald R. Warner and James R. Coleman 
Department of Biophysics 
University of Rochester, School of Medicine and Dentistry 


Rochester, New York 14642 


Frequently, the objective of quantitative microanalysis of biological 
material is the correlation of chemical composition with morphological structure. 
The material to be analyzed must be no greater than a few microns thick to achieve 
the desired morphological resolution. In addition, elements of physiological 
interest are usually present in low concentrations, requiring high voltages for 
detection. Under these conditions, quantitation becomes a thin film analysis. 


The few available biological quantitation techniques have requirements 
that restrict their applicability and complicate their use. This paper describes 
a computer program, Basic, that is easy to use, requires no instrument modifications, 
no special techniques, no assumptions on matrix composition, density, or thickness, 
is not limited to ultrathin sections, and uses conventional metallurgical standards 
and specimen supports. Basic is based upon a previous computer program, Bicep (1), 
but uses the substrate intensity as internal compensation for changes in sample 
density and thickness. 


Basic, like Bicep, corrects for atomic number and thin film effects as 
outlined by Colby (2): 


E (1) 
RS Q/S, dE 


where EL is the average electron energy at the sample~substrate interface, Me 
the backscattered electron coefficient, and E_, the energy of backscattered 


electrons as they leave the film. E, is calculated using the power law of gener- 
ated characteristic radiation. From Green (3), characteristic radiation is 
generated according to the equation: 
1.63 
T= E -E 
woe (2) 
where n is the efficiency of x-ray production. However, Green observes a decrease 
in the exponent at higher overvoltages. For our operating conditions and low 
atomic number substrates, we estimate the exponent to be 1.2 from Green's data 
(Figure 1). Equation 2 is therefore: 
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1.2 
I = n(E-E,) 


The ratio of subst rate intensity generated below a film (I, ) to that generated 
on uncovered substrate (14) can be expressed as 


1/1.2 
- 1 Zi 
5 ce . T (E,, E.) 


Fluorescence effects are taken into account in the conventional manner 
by using normalized concentrations and the appropriate values for the overvoltage. 


The absorption correction in the film is identical to that in Bicep (1); 
however, intensities from the substrate must also be corrected for absorption. 
Absorption of substrate signal by the film is corrected using 


: a (u/t) ox CSC 6_ 1, exp (5) 


Tel 


where tx is calculated from Andersen's range equation (4), 


cx = 064 (1788 — x 1°98) (6) 
Self-absorption by the substrate under the film presents difficulties due to unusual 
geometry. Accordingly, a series of standards were prepared by evaporating aluminum 
onto silicon wafer fragments. Aluminum was chosen for its low atomic number and 
high absorption of silicon x-rays. The thickness of the coatings were roughly 
determined by weight differences. Several formulations for the absorption correction 
were tried on these standards. None gave any error worse than 30%. However, an 
empirical correction given by (1/exp) 8 gave the best fit and is shown in column 3 
of Table 1. 


A danger in fitting an empirical correction to a set of standards is the 
possibility that the result will apply to no other system. Accordingly, two other 
samples have been analyzed. A carbon film deposited by electron beam evaporation 
was analyzed and gives a value that is high. However, absorption in the film is 
57%, a condition known to cause inaccuracies in an analysis (5). Parylene, a 
chlorinated hydrocarbon polymer obtained from Union Carbide and.reported to be 4.4 
microns thick and 25.6% chlorine, was also analyzed and gave remarkably good values. 


For comparison, all films were also analyzed with Bicep, which requires 
knowledge of density and thickness. Results in column 4 were obtained using the 
experimental thickness values; results in column 6 used thickness values determined 
from Basic. The latter gave excellent results. 


Basic must be refined and subjected to further tests. In particular, 
the exponent in the characteristic production of radiation must be determined as a 
function of high overvoltage, and a less empirical form for the absorption 
correction should be utilized. However, routine quantitation of biological 
material at the 10% accuracy level is clearly indicated. 


The Basic program will handle up to 11 elements; a compound standard 
may contain 8 elements. One element may be determined by ratio, one by difference 
and any of the 11 may have assumed concentrations. Required inputs are the 
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Figure 1. Characteristic production vs. (Uo-1); determination 
of exponent at high overvoltage. 


accelerating potential, elements and lines analyzed, and the intensity ratios, The 
program is applicable to any film mounted on thick elemental substrates that gives 
a detectable substrate signal. The film must not contain the substrate element. 
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TABLE 1 
Depth K-Rat io Basic Bicep Basic Bicep 
(#) (%) (wt. %) (wt. %) Depth Recalculated 
Aluminum 
025 -69 94.9 102.7 - 03 94.4 
ma) | 4.92 96.6 104.3 19 99.4 
0273 9.44 100.9 114.0 34 102.9 
-538 17.28 105.5 110.3 -60 104.7 
. 636 22.21 103.3 114.8 79 103.6 
1.09 39.24 112.2 116.6 1,28 107.8 
1.14 42.00 109.9 117.7 1.38 107.4 
1.32 48.82 98.3 115.6 1.81 100.9 
1.35 50.88 109.1 118.9 1.67 107.1 
1.59 61.11 98.8 117.3 2.30 100.6 
1.67 64.31 105.0 119.5 2.25 105.4 
1.78 65.45 102.1 116.7 2.41 103.0 
2.12 78.54 103.2 120.1 3.05 104.2 
2.37 81.38 97.4 117.2 3.43 100.6 
2.88 90.27 97.5 106.7 3.85 101.0 
Carbon 
-132 6.94 117.6* 124.5% e17 108. 9* 
Parylene’ 
(chlorine) 4 29.93 25.3 29.2 5.5 24.7 


* Absorption due to film is 57% result inaccurate 


i Parylene is 25.6% chlorine (Union Carbide) 
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ENZYME LOCALIZATION IN MOUSE INTESTINE BY ELECTRON PROBE ANALYSIS 


Richard B. Lyons, Robert Ruscica, Ann W. Cook & Robert Bundtzen 


The enzyme, alkaline phosphatase was studied in the villi of the mouse duodenum to 
determine if electron probe analysis (EPA) could show localization of the enzyme 
comparable to that observed in the light microscope (LM). 


The histochemical procedure used was a minor modification of the Gomori calcium- 
cobalt reaction which has several chemical steps, each of which may be followed 
analytically with the EPA. In the initial step, glycerophosphate (substrate) is 
hydrolyzed by the enzyme, thus releasing phosphate jons which are immediately 
precipitated by calcium ions (as calcium phosphate) at the enzyme jiocation. In the 
next step a solution of cobalt sulfate is added to the tissue which causes a . 
replacement of the calcium by cobalt. The final step is to create a precipitate of 
cobalt sulfide, which is then visible in the LM, by adding ammonium sulfide to the 
tissue sample. A control slide is prepared by thermal denaturation of the enzyme 
prior to the above reactions. 


After the various incubation steps, tissue sections were air dried, photographed in 
the LM and surfaced with a thin (300-5008) aluminum coating (since we desired to 
perform carbon analysis). The sections were then examined in the Materials Analysis 
Company Mac 5 combination EPA-SEM equipped with three energy dispersive spectro- 
meters. Line scans, distribution patterns, back scattered (BSE) and secondary 
electron (SEM) images were obtained with accelerating voltages of 15-20 KV and beam 
currents of 0.005-0.0!1 WA. 


After the complete series of reaction steps (Ca, Co and S), a single villus was 
utilized for LM (Figure |,e) distribution of Co (Figure |,c) and !ine scans for Ca, 
P, S and Co (arrows on the line scan position of the SEM in Figure |,i indicate the 
position of the dotted line on the line scans shown in Figure 3,a). Figure I,e 
shows the LM appearance of an adjacent section used as a control. Nearby villi 
presented better line scans and were utilized for SEM (Figure |,d), BSE (Figure |,h) 
distribution of S (Figure |,a) and Co (Figure |,b) and for line scans of Ca, P, S$ 
and Co (arrows of Figure |,h correspond to dotted lines of Figure 3,b). Line scans 
and distributions of both villi show focalization of Ss, Co and P at the absorptive 
border of microvilli (MVB) accompanied by a very low amount of Ca in the same 
region. When sections are removed after the first step of the reaction (Ca Cla 
step), a Ca HPO4 precipitate would be expected at the MVB without accompanying Co 
and S peaks. This can be seen in line scans for Ca, P and S (Co was not examined) 
in Figure 2 (the lower line in Figure |,h was used for the scan). Note the very low 
S peak at the MVB compared to Figures 3,a and 3,b. 


EPA allows elimination of some reaction steps since a visible precipitate is not 
required. Instead of carrying the reaction to the CoS precipitate, the EPA can 
detect the element, Ca, which is not visible with the LM, providing assurance that 
an element is or is not present. EPA clearly demonstrated the final reaction 
product (CoS) in The same location as observed in the LM as well as showing the 
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predicted localization of the elements at each step of the reaction sequences. The 
same tissue specimen, which is easily prepared and rapidly examined in the LM by 
conventional histochemical reactions, can also be used for EPA. Eventually, it may 
even be possible to obtain quantitative data. 


Note: Mention of trade names or commercial products does not constitute an 
endorsement or recommendation for use by the U. S. Department of Health, 
Education and Welfare. 


FIGURE #1 
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THICKNESS AND MASS THICKNESS MEASUREMENTS 
WITHIN BIOLOGICAL SPECIMENS 


by 


John W. Edie and Ulf L. Karlsson 
Dental Research Laboratory (Oakdale) 
and Department of Anatomy 
University of Iowa, Iowa City, Iowa 52240 


Section thickness is an important parameter in many biological 
investigations which employ electron optical instrumentation. 

In electron microscopy, an accurate estimate of section thick- 
ness is necessary (a) to estimate superposition effects, (b) for 
three qimensional reconstructions, (c) to estimate molecular 
masses* and (ad) to observe radioactive concentrations in auto- 
radiography. Similarly, some methods of quantitative electron 
probe analysis of thin sections requires knowledge of thickness, 
and mass thickness, such that absorption and fluorescent correc-— 
tions are feasible. 


A means of estimating section thickness and mass thickness varia- 
tions is available using electron beam attenuation through the 
specimen as a result of electron scattering. For thin specimens 
of mass thickness, Px, the transmitted intensity, I+, of the 
electron beam of initial unimpeded intensity, 1,, follows the law 


Ty = qo e~STPx 9 (1) 


where Sp is the total mass scattering cross section.» Sm is 


thought to be primarily a sacs te of electron energy with little, 
if any, atomic number variation. 


Using a transmission electron microscope, measurement of I 
requires the use of an objective aperture to prevent electrons 
scattered beyond prescribed angles from reaching a Faraday cage 
detector in the image plane. Obviously, Sm shows a critical 
dependence on this aperture's diameter and placement. The cur- 
rents from the Faraday cage are proportional to incident electron 
beam intensities such that the ratio of electron beam intensities 
is measured as the ratio of detector currents. Therefore, for 
constant electron optical geometry, I;/I, = i,/ig- 


Many biological techniques require the use of embedding resins 
(e.g., Vestopal W or Epon 812) for physical support as sections 
are cut in ultramicrotomy. The local section thickness may be 
estimated by measuring the beam attenuation at points on the 
uniform plastic portion adjoining the specimen. Within the speci- 
men, variations in transmitted beam intensity reflect local mass 
density variations if section thickness remains constant. 
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Absorption (or scattering) calibration data for plastics was 
acquired using standardized Formvar films whose thicknesses were 
measured using the method of multiple beam interferometry. The 
films were subject to sublimation and contamination effects upon 
exposure to electron beams which were directly attributable to 
the current densities impinging on the film. The effects can 

be controlled by slight movements of the plastic across the elec-— 
Lee beam when the specimen current density is less than about 
1074 Amp/em*. 


Figure 1 shows the beam attenuation on a logarithmic plot for 
differing electron energies and a 50 microns aperture. Multiple 
electron scattering cause these curves to leave the exponential 
perny Ones at mass thicknesses ranging from 20 to 40 Ae/em 
for 40 and 00 KV, respectively--where the transmitted intensity 
is about 15% of the initial intensity. 


Critical thickness, x,, is defined as that thickness necessary 

to reduce the transmitted beam intensity to el of its initial 
value. To at least the measurement accuracy of +2%, X, is pro- 
portional to accelerating voltage for constant aperture condi- 
tions. It is a simple matter to oredict Formvar attenuation 
curves for a variety of operating conditions such that unknown 
film thicknesses may be determined from transmission measurements 
and equation (1). Within the exponential region, film thicknesses 
to 0.4 microns may be estimated with greater than 5% accuracy 
while thicker films, to 1-2 microns, may be estimated using 
empirical absorption curves. 


The constancy of Sp for unchanged electron optical geometry was 
investigated by embedding small pieces of materials of known 
density (various plastics, pure metals and alloys) in Vestopal W. 
Thin sections of 300-1200 A thickness were obtained using a 
diamond knife. A comparison was then made of the electron beam 
attenuation through the plastic and material portions of the 
section. A schematic of the experimental arrangement is shown 

in Figure 2. The transmitted intensities for mediums 1 and 2 are 


te Oe es a ae 
and 


I, = 1, g7802 (72% 6, (2) 


respectively. Eliminating the common section thickness, X), and 
introducing detector currents as measures of beam intensities 
yields the ratio 


In(14/i,) S71). 
= el - (32). (24) 9) 
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Figure 3 shows the results of the attenuation measurements for 

80 KV electrons and a 50 microns aperture on a log-log scale. The 
ratio of current logarithms, R, is plotted versus the corresponding 
ratio of densities, ,/P>. To within measurement error, the slope 
of the trend line is unity. For constant Sp, a material's attenua- 
tion properties are deduced from knowledge of the material's 
density and the Formvar "standard" attenuation relations for the 
electron optical geometry and accelerating voltage employed. 


Using this approach, thickness variations of uniform materials 
may be mapped or, knowing thickness, the local mass density (con- 
trast) variations within the section may be quantified. Also, 


the high resolution of transmission electron microscopes suggest 
dry masses to be measurable from 10712 to 107!° grams. 
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CALCIUM TRANSPORT IN THE SMALL INTESTINE 
by 
Ronald R. Warner and James R. Coleman 
Department of Biophysics 
University of Rochester, School of Medicine and Dentistry 


Rochester, New York 14642 


The process of calcium absorption by the intestines has received consider- 
able attention. Calcium must move across a layer of absorptive cells before entering 
the circulatory system. However, levels of intracellular calcium ion on the order 
of 10-4M can inhibit certain enzymes (1, 2) and uncouple oxidative phosphorylation 
(3); consequently, the concentration of calcium free in the cytoplasm is rigorously 
maintained at a level near 107 (4). The question then becomes,how do the absorp- 
tive cells transport large amounts of calcium without raising their own cytoplasmic 
calcium concentration? 


Previous investigations of calcium transport using homogenization techniques 
indicate vitamin D increases the amount of a "calcium-binding protein" and enhances 
calcium translocation (5). From in vitro radioactive tracer studies, it is generally 
accepted that transport occurs both as an active, energy-requiring process and as a 
diffusional process (6, 7). However, results obtained from the tracer studies are 
frequently contradictory, being dependent upon the experimental conditions employed. 
With either technique the results are averages from a population containing many 
cell types, revealing little of the actual mechanism of transport in individual cells. 


The present work utilizes an electron microprobe to analyze directly 
calcium in transport in individual absorptive cells. Intestines from rats and 
chickens were prepared following the procedure of Coleman, et al. (8) and Coleman 


and Terepka (9). Sections two microns thick were cut dry and mounted uncoated on 
solid substrates. Probe operating conditions were 22 KV and 10-7 beam current. 


The lumen of the intestines is surrounded by epithelium composed of 
two cell types, goblet cells and absorptive cells. These lie on supportive tissue 
composed of many cell types. Observations on the normal distribution of calcium in 
this tissue reveal the consistent presence of calcium in goblet cells throughout the 
small intestines irrespective of species, age and nutritional state. Calcium is 
confined to discrete localizations within the mucus~rich portions of this cell 
(Figure 1). This observation is consistent with fluorescent-antibody studies locali- 
zing calcium-binding protein in the goblet cells and brush border (10). We have 
detected calcium diffusely present in the brush border only occasionally in vitamin 
D replete animals. 


In fasted animals,absorptive cells contain no detectable calcium. In 
animals fed ad libitum, absorptive cells vary from a state lacking detectable calcium 
to a state in which scattered localizations occur at the brush border, within cells, 
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and between or near lateral cell boundaries. Larger amounts of calcium are seen in 
localizations below absorptive cells. 


In order to determine the sequential nature of calcium movements in ab- 
sorptive cells, segments of intestines were incubated in a 2mM calcium solution 
for various times before fixation. Results show that calcium is initially localized 
in and below the brush border. At later times, calcium is observed localized in a 
supranuclear position and in or adjacent to intercellular spaces (Figure 2). 
Localizations below the nucleus are only seen near the cell periphery. Finally, 
calcium is observed, still localized, in the supportive tissue. 


Effects of vitamin D are being investigated. Preliminary results indicate 
no calcium localizations occur in absorptive cells in animals deprived of this 
vitamin. 

Our results indicate that calcium enters the cell in discrete localizations, 
is transported to a supranuclear position, and then to the lateral intercellular space. 
This pattern is similar to that believed to occur in the absorption of fat (11). 

The localized nature of calcium in transport suggests that this material 
is being segregated from the cell interior where the calcium ion concentration must 
be kept around 10°°M. Since the calcium x-ray signal is not associated with 
phosphorus (or other inorganic elements), the active participation of mitochondria 
in the transport process, as has previously been suggested (12), is unlikely. It may 
be of significance that calcium localizations are observed in a supranuclear position, 
the site occupied by the Golgi apparatus. 
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Figure 1. Sample current and CaKa images showing calcium distribution 
in goblet cells. Top 8yu/grid square, bottom 2.5n. 


Figure 2. Calcium distribution in absorptive cells after incubation. 
7u/grid square. 


45A 


SECONDARY ION AND ELECTRON PROBE 
MICROANALYSIS OF THE MINERALIZATION 
PROCESS IN BIOLOGICAL TISSUES* 


by 


Dr. A. J. Tousimis 
biodynamics Laboratory 
6000 Executive Blvd. 
Biodynamics Research Corporation 
Rockville, MD. 20852 


In animals,normal bone formation, growth and maintenance is directly 
dependent and related to the mineralization process. This takes 
place at the interface between an avascular tissue and a blood capil- 
lary network. Understanding this process is of great significance 
for normal bone growth and its maintenance during the entire life of 
the animal. Perhaps of more practical significance could be to learn 
more about pathologic mineralization. Among these are hardening of 
blood vessel walls--which accounts for most of heart attack deaths-- 
mineral deposits in joints, some of the kidney stones, eye scleral 
hardening, and malignant tumor (cancer) calcification (retinoblasto- 
mas). 


Fig. l. Dark field Fig. 2. Electron Fig. 3. Same area 
photomicrograph of probe result show- as Fig. 2 showing 
the mineralization ing Calcium Phosphorus, 750X. 
interface, 50X. distribution.750X. 


For these studies, the epiphyseal plate of the proximal portion of 

the young (35 gm) hamster tibia was rapidly excised and frozen immed- 
iately in LN2 cooled isopentane or fixed in paraformaldehyde, dehydrated 
and embedded in methyl-butyl methacrylate or epon araldite before 
sectioning. Sections 0.lp to 2.0p in thickness were mounted on 

quartz, aluminum, nickel, stainless steel or formvar thin films. The 


*Studies supported by a grant from the M. Tsonis Research 
Foundation to the Biodynamics Laboratory. 
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frozen dried and methacrylate removed sections were coated with gold 
or carbon in the SAMSPIN (1) respectively for secondary ion micro- 


analysis (2) or scanning electron probe analysis and SEM (2). 


Electron Probe Analysis (EPA): Figure 1 shows a photomicrograph of 
a lu thick epiphyseal plate from the hamster depicting the interface 
where the capillary network from the diaphysis meets with the avas- 
cular cartilage displaying the columnar arrangement of chondrocytes. 
The calcium and phosphorus distribution at this interphase is shown 


Fig. 4.49Cat image . Fig. 5.4pca’ image Fag. 6. 4oca* image 
to: ’ 600 X. tig 600 X. togr, 600 xX. 


in Figures 2 and 3. Point by point measurement and concentration 
calculation (3) for these two elements (wherever present together) are 
the same as that found for hydroapatite. Utilizing frozen dried sections 
(O.1p to 2. Op thickness) and measuring for the presence and distribution 
of Ca, P, S, K, Na, Cl, and Mg by electron probe analysis and electron 
microscopy (4) has enabled us to establish their relationship to 
ultrastructural features such as mitochondria, endoplasmic reticulum 

and cellular environmental matrix where the appearance of typical bone 
hydroxyapatite crystallites is clearly established (5). 


Secondary Ion Microanalysis (SIMA): Similar preparations were also 
examined by Slodzian‘s secondary ion microanalysis procedure (6). 

The qualitative electron probe results have been confirmed utilizing 
either Argon or Oxygen positive primary ion sources. SIMA micro- 
graphs (Figures 4,5, and 6) using the 4,Ca” ion show its distri- 
bution at the mineralization zone at 10 second time intervals of a 
carbon coated lu thick methacrylate embedded epiphyseal plate 
section. Directly comparing Figures 2 and 6, the superiority in 
resolution of SIMA and EPA can be observed. The presence of electro- 
lytes (Na, Mg, K, and Ca) in the maturation and proliferation zones by 
secondary ion analysis in the methacrylate embedded tissue, while not 
possible by electron probe analysis, suggests that these "ions" are 
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Fig. 7. Scanning Electron Micro- Fig. 8. Scanning Ehectron Micro- 
graph of lp thick epiphyseal graph of lp thick epiphyseal 
chondrocytes and matrix before chondrocytes and mat after 
ion analysis. 2500 X. ion analysis. 2500 X. 


pound on the cellular and matrix organic components so that the 


various aqueous and organic solvents used during the tissue prepara- 
tion do not remove them completely. 


Scanning Electron Microscopy (SEM) was carried out on sections before 
and after their exposure to Secondary ion microanalysis. 

Figures 7 and 8 show reflex secondary electron scanning micrographs 

of similar cells and their matrix of a lu thick section of the 
epiphyseal plate before and after exposure to secondary ion analysis 
with Argon primary ions while the section is supported on a stainless 
steel substrate. The nonuniformity of etching of the specimen 

(Figure 8) is readily observable, a fact which could account for the 
distorted appearance of some structures in the ion micrographs and the 
difficulties in rendering the results quantitative. 
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TRACE METAL ANALYSES OF HUMAN SERUM WITH AN ELECTRON PROBE MICRO ANALYZER 


P. S. Ong, P. K. Lund, and W. M. Conrad 
Department of Anatomic Pathology 
The University of Texas M. D. Anderson Hospital and 
Tumor Institute at Houston, Houston, Texas 77025 
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Trace elements play an important role in many biological processes. The 
serum Cu and Fe levels, for example, have been shown to reflect the clinical status 
of patients with Hodgkin's disease and untreated acute leukemia!,2. Therefore, 
these elements may prove useful for routine prognostic purposes. 


The present work was aimed at obtaining a quantitative trace element pro- 
file at the routine clinical level. Two approaches are being followed, i.e., direct 
electron excitation and x-ray fluorescence excitation. This paper concerns methods 
developed for employing direct electron excitation. 


Fig. 1 shows the order of magnitude of the various elements contained or 
present in 1 ml of human blood3. Cu and Zn are present at the g levels, as is Fe 
in serum. These are within the sensitivities of x-ray fluorescence techniques. 
However, metals such as Ni, Co, and Au occur at levels below 10-8 gram and require 
the more sensitive detection system provided by the microprobe. Utilizing this 
system requires the removal of the bulk of the matrix material which is composed 
primarily of organic substances and the elements Na, K, Ca, and Cl. This is done 
by first ashing the sample, followed by electrodepositing the trace metals on a 
Pt/Hg electrode. One ml serum yields an Fe/Cu/Zn/deposit of 5 yp thickness on a 
300 uw diameter Pt wire. This is sufficiently thick to stop the electron beam and 
prevent intolerably high background. A miniature electrodeposition cell has been 
designed to handle 1 ml specimens. The metals are deposited on the cathode consist- 
ing of a small Pt wire coated with Hg. The anode is made of Pt wire. The solution 
is forced to pass between the electrode at a flow rate which allows efficient 
deposition of the significant material. After the process has been completed, the 
Hg is distilled off in vacuum. 


Fig. 2 shows the spectrum obtained with a test solution containing 1 ppM 
of each of the elements Ni, Cu, and Zn. The various parameters are currently 
being studied, to establish a quantitative deposition rate for all of the elements 
of interest. The high signal for the elements in the ppM region allows the use of 
an energy dispersive system shown in Fig. 3, which is based on analysis of 1 ml 
serum. (This work was supported by NIH Grant GM 16229-04). 

T. Hrgovcic, et al., "Serum Copper Levels in Lymphoma and Leukemia," Cancer, 
22, 743-755 (1968). 
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and Leukocyte Alkaline Phosphatase Level in Pediatric Patients with Hodgkin's 
Disease," Cancer, 26, 332-337 (1970). 
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Atomic Energy Authority Research Group Report (1963). 
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HUMAN BLOOD 


Sn Ce (Serum) 


|, eBa(Serum) 


Composition of human blood, from ref 3. The amounts are plotted in 
u gram per ml sample, against atomic number Z. The value for Fe in 
serum is about 1 ugm per ml. 
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Ni Cu Zn 
Pt 


Hq 


Fig. 2. Micro probe x ray spectrum of a Pt wire, after electro 


deposition out of a solution of Na. Cl containing 1 ppM 
of the elements Ni, Cu, and Zn. 


Cu 
: 2ml. Blood Serum 


Fe 


Pt+Hg 
Fe 


Pt 


So eS ee ee 
Fig. 3. 


Micro probe x ray spectrum of a Pt wire after electro deposition of 1 ml ashed human 
serum. The spectrum is obtained with an energy dispersive system. 
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ELECTROLYTES IN CELLS OF BIOLOGIC TISSUES* 
by 


Dr. A. J. Tousimis 
biodynamics Laboratory 
6000 Executive Blvd. 
Biodynamics Research Corporation 
Rockville, MD. 20852 


INTRODUCTION: The presence of electrolytes (Ca++, PO4, Cl , CO3, Kt, 
Nat, Mgttand other) in biologic tissues (both plant and animal) has 
attracted the attention of many investigators. The intracellular 
and body fluid electrolyte concentrations reflect the biodynamic 
state of the cell and organism. In many cases these fluid measure- 
ments are of great clinical significance. The majority of their 
intracellular concentration and distribution measurements have been 
based on indirect procedures--electrochemical, microelectrode or 
cellular component isolation. Scanning electron probe analysis 

(1) offers a new approach to the study of electrolyte distribution 
in biologic cells (2) and calculation of their concentrations at the 
micron and submicron spatial resolution level (3). The subject of 


this paper is to report our results on three different methods of 
tissue preparation for scanning electron probe analysis of electro- 
lytes. 


Fig. 1. Backscatter- 
ed scanning electron 


Backscatter- 


Pid: 2% 


Fig. 3. Backscatter- 


micrograph of small 
intestine cells l 
thick section on 
quartz substrate- 
method A, 600X. 


ed scanning electron 
micrograph of small 
intestine cells lp 
thick section quartz 
substrate-method B, 
750X. 


ed scanning electron 
micrograph of small 
intestine cells 1 
thick section on 
quartz substrate- 
method C, 750X. 
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METHODS: Standard transmission electron microscopy methods now in 
use for ultrastructural studies of tissues subject the specimens to 
numerous aqueous and organic chemical fixatives and solvents which 
could alter the electrolyte spatial distribution before their exam- 
ination in the electron probe. Therefore, the comparison methods we 
have chosen is all employee freezing of tissue specimen immediately 
in LN2 cooled isopentane. Then either section it in the frozen 
state or freeze-dry en bloc. Method "A" consists of freeze-drying 
and embedding in,a low vixosity epoxy resin (4) and then section at 
1,000A to 10,000A in thickness and dry mount on either Silicon 
coated film or quartz substrates (3). Methods "B" and "C" utilize 
frozen sections of the same thicknesses as above (ultramicrotome) 
and dried at dry atmosphere (N29) or freeze-dried in vacuum on the 
substrate respectively. All preparations are finally coated with a 
50A layer of carbon before electron probe analysis. 


RESULTS AND DISCUSSION: Figures 1, 2 and 3 show primary back- 
scattered electron scanning micrographs of the absorptive and 
secretory cells of the small intestinal epithelium prepared by 

methods described above. The differences in structural preservation 
is obvious (2). The method which gave the most consistent results both 
from ultrastructural and electrolyte distribution considerations was "C". 
Examples for the Silicon "shine-through" (3) and two electrolytes: 
Potassium and Chlorine are shown in figures 4-6, 7-9 and 10-12 for 
methods A, B and C in order. The electron beam demage on the epoxy 
embedded tissue was not consistent neither with ultrastructural 
features nor exposure times, thus resulting in Sik, x-ray micro- 
graphs (figure 4) that had no relation to the electrolyte (figure 5) 
distribution. The presence of chlorine in epoxys manifest itself 

into two difficulties: first one can confuse the normal chlorine 
distribution in the tissue section (figure 6) and second local 

losses of epoxy during electron exposure could introduce errors not 
only in the interpretations of scanning results but also in the 


same area as Fig. Same area as Fig. Same area as Fig. 
1 SiO02 substrate. 1. Method A, 1. Method A, 1000X. 


Method A, 1000xX. 1000X. 
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Fig. 7. EPA Sika. Fig. 8. EPA KKa. Fig. 9. EPA ClKg. 
Same area as Fig. Same area as Fig. Same area as 

2. Sid, substrate. 2. Method B, 750X. Fig. 2. Method B, 
Method B, 750X. 750X. 


Fig.10. EPA Sikg. Fig.11. EPA KKg. Fig.12. EPA ClKa. 
Same area as Same area as Same area as 

Fig. 3. S103 sub- Fig. 3. Method C, Fig. 3. Method C, 
strate. Method C, 750X. 750X. 


750X. 
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calculation of the data to render it quantitative by any method (3). 
The potassium localization in both the absorptive and secretary cells 
of the small intestine is shown in figures 5, 8 and 1l. It is of 
interest to note the similarity between methods "A" and "C" while 

in "B" the Kt has leaked out from goblet secretory granules but not 
from the remaining cytoplasm nor the adjacent absorptive cells. The 
spatial preservation not only of the K and Cl but also Na, Mg and Ca 
is more consistant and can be correlated with cellular ultrastructure 
and the quantitative results are in agreement with those of indirect, 
yet independent methods by method "C" than any of the other prepara- 
tion methods utilized in our studies to date. 
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3. Tousimis, A.J., Proc. 6th Nat. Ann. Conf. Electron Probe Analysis, 
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ELEMENTAL ANALYSIS OF REFRACTILE BODIES IN AMOEBA proteus 
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Department of Radiation Biology and Biophysics 
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and 
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Certain cytoplasmic organelles of Amoeba proteus, the “refractive bodies", 
are composed of phospholipid and contain substantial amounts of calcium and magne- 
sium (2, 7, 9). It was suggested that the bodies might be stored food, but the 
question of why they contain relatively large amounts of calcium and magnesium has 
been ignored. It is known that intracellular calcium is of great importance and is 
carefully regulated (8, 10). There is evidence that excess calcium entering a 
cell is actively extruded from the cell, or is sequestered from the cytoplasm by 
being transported into mitochondria and other cell organelles (1). Thus, the concen- 
tration of free cytoplasmic calcium is maintained at about 10~°M even when the 
environment is 1073M (1, 8). Our purpose was to test the hypothesis that the calcium- 
rich refractive bodies might function in the overall process of intracellular calcium 
regulation by sequestering intracellular calcium. Since the techniques used to 
establish the presence of calcium were not quantitative (7) and were also capable of 
removing or redistributing calcium (6), it was necessary as a first step to perform 
a qualitative and quantitative electron probe analysis of the refractile bodies. 
Individual organelles were analyzed in situ using preparative procedures and con- 
ditions previously described (5). This technique avoided loss of soluble materials 
by isolation procedures and permitted detection of variations among individual 
granules within a cell. Quantitative analysis was performed according to the BICEP 
program (11). 


Refractile bodies are readily perceived in sample current images as well 
as x-ray images (Figure 1). They occur in three morphological classes: (1) 1.5 to 
7u or more in diameter, appearing as a lighter periphery surrounding a denser core 
of variable size; (2) smaller homogeneous bodies with an average size of about 1.6 
showing no evidence of a core; and (3) the smallest bodies, homogeneous and with no 
core, about 0.8yu in diameter. 


All refractile bodies analyzed contained magnesium, calcium, potassium, 
phosphorus and carbon. Some bodies contained sodium and/or chlorine. Sulfur, iron 
and zinc were not detected. Quantitative analysis showed that the granules varied 
widely in composition. However, the atomic percent ratios of calcium/phosphorus, 
magnesium/phosphorus, potassium/phosphorus, and (calcium + magnesium + potassium) / 
phosphorus in individual granules were rather uniform (Table 1). Since the 
phosphorus signal from the granules is probably due to the phospholipids they 
contain, the relationship of calcium, magnesium and potassium to phosphorus is 
predictable. Phospholipids readily bind metallic cations, and in the case of 
calcium, the formation constant has been reported to be as high as 104 to 106 (3). 
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Thus, any metallic cations present in the cytoplasm would be expected to be assoc- 
fated with phospholipids in an equilibrium governed by the formation constant of 
the metal and phospholipid. This relationship suggests that such intracellular 
deposits of phospholipids may aid in controlling the cytoplasmic concentrations of 


minerals. In an organism with the characteristics and habitat of A. proteus, this 
process may have certain advantages. 


This organism is a free living protozoon, whose only known source of 
minerals is from engulfed food organisms, or medium ingested through pinocytosis (4). 
Thus, minerals tend to appear in the cytoplasm as pulses. In order to control cyto- 
plasmic concentrations and maintain them at constant levels, the minerals must be 
extruded or sequestered. If extruded, they are lost to the organism, a possible dis- 
advantage for an organism which lives in a mineral-poor environment. Active trans- 
port of calcium into mitochondria for sequestration also entails disadvantages. First, 
oxidative phosphorylation is uncoupled until the cytoplasmic level of calcium is 
returned to its usual low value and, second, calcium transport requires substantial 
expenditure of energy in terms of electron transport (8). However, the use of phos- 
pholipid to sequester these minerals can eliminate these drawbacks. If the minerals 
were in association with phospholipid, then the concentration free in the cytoplasm 
would be largely a function of the formation constant for each element and the type 
of phospholipid present. Thus, the movement of an element from free to sequestered 
form would be governed by mass action considerations and would require little or no 
expenditure of metabolic energy. 
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Table 1 


Mean Ratios of Metals to Phosphorus in Atomic Percent in 
Refractile Bodies of Amoeba proteus 


Large 


Edge 
0.332(0.074) 
0.119(0.054) 
0. 225(0.058) 


0.450(0.054) 


0.676(0.065) 


(Figures in parenthesis are standard deviations) 


Center 
0.375(0.065) 
0.096 (0.060) 
0.117(0.041) 


0.471(0.051) 


0.647 (0.072) 


Intermediate 


0.348(0.013) 
0.095 (0.033) 
0.234(0.046) 


0.448(0.018) 


0.682(0.047) 


Small 


0.250(0.054) 
0.132(0.050) 
0.250(0.057) 


0.383 (0.038) 


0.632(0.041) 


Figure l. 
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Sample current (a) image (22KV, 3x10°° amp) of heat fixed Amoeba 


proteus, showing numerous refractile granules throughout the cell 


(40u/division). Phosphorus Kg image (b) of same cell showing strong 
phosphorus signal from refractive granules and less intense signal 
from surrounding cytoplasm (15 min. integration). Calcium Ky image 
(c) of same cell showing calcium signal largely restricted to 
refractive bodies (10 min. integration). Sample current image (d) 
showing large refractive bodies with dense cores and smaller 
homogeneous bodies (bar equals 5u). 


49OA 


Application of the electron microprobe in geology 


Klaus Keil 
Department of Geology and Institute of Meteoritics 
The University of New Mexico 
Albuquerque, New Mexico 87106 


In the earlier days of electron microprobe analysis, only limited use was made 
of the instrument by geologists: in 1964, only about 60 papers had been published 
in this field, more than half of which were on meteorites. This situation has 
changed drastically and more than 700 papers have now appeared in the literature 
dealing with the electron microprobe and its application as a major research tool 
in mineralogy, petrology, geochemistry, oceanography, meteoritics, lunar sciences, 
and related disciplines [1]. Now, most major geology departments make extensive 
use of the instrument and several offer graduate courses on microprobe analysis. 


The problems encountered in the application of the electron microprobe to 
geology, in many ways, are similar to those experienced in other fields. However, 
there are a number of specific problems which are enhanced when working with 
geological samples. First, most geological samples are poor electrical conductors 
and polished sections have to be vacuum coated with a thin conductive layer, 
preferably carbon. Second, most geological samples are poor thermal conductors 
and,hence, may vaporize under electron bombardment. Third, rocks are complex 
mineral assemblages of phases with often drastically different mechanical 
properties and, hence, preparation of polished sections is difficult. Fourth, 
most rocks consist of many different minerals that vary greatly in grain size and 
exhibit complex intergrowths. Hence, to identify these phases in the probe, 
polished thin sections that can be viewed in transmitted and reflected light (as 
opposed to polished sections for reflected light viewing) have to be used. Fifth, 
the dominant rock forming minerals in terrestrial,meteoritic, and lunar rocks are 
largely components of light elements (e.g. 0, Si, Al, Fe, Mg; Ca, Na, K) whose 
relatively long K X-ray lines are somewhat more difficult to measure and are 
strongly absorbed. 


Over the years, several different techniques have been worked out for the 
quantitative analysis of geological specimens. In mineral solid solution series, 
where essentially only two elements substitute for each other (e.g. olivine, 
Mg2Si04-Fe7Si04), all corrections except those for drift can be eliminated by the 
use of calibration curves, provided several homogeneous standards of well-known 
composition are available for the particular mineral group. Unfortunately, sets 
of well-analyzed, homogeneous mineral standards or synthetic phases are not always 
available and recourse has therefore to be taken to a single standard, hopefully 
of a composition and structure similar to the phase that is to be analyzed. This 
standard may be a mineral, a synthetic compound, or a synthetic glass, and X-ray 
intensities from unknown and standard should be corrected for drift, dead-time, 
background, mass absorption, secondary fluorescence, and atomic number, using 
theoretical correction procedures. Because of the similarity in composition 
between sample and standard, any errors inherent to the theoretical correction 
procedures will affect the analytical result much less than if a pure element 
standard were used. 
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A very convenient method of quantitative analysis of complex minerals is that 
of Bence and Albee [2]. Ziebold and Ogilvie [3] have shown that the calibration 
curve in a binary metal alloy system can be expressed by the linear function 


A _ eA A -. ict 
Cap/Kap oie (1-0,,,) oe (1) 


In this equation ie is the concentration of element A in the binary alloy AB 


relative to pure A; Kap is the background~-corrected intensity ratio of a character- 


istic line o element A in the binary alloy AB to that of pure A; and ies 


is the parameter for A radiation in alloy AB that describes the shape of the curves 


P A ; . A 
(i.e. fora >1, absorption dominates, and for a <1, fluorescence dominates in 


AB AB 
the matrix effects). The parameter aes can be determined as a8 approaches zero: 
A 
A 
Op Cap (2) 
ra 
AB 


A , : : 
Once Op has been determined for a given system, the concentration of c. 
A 
can be calculated from the measured Kap for any concentration of A in AB: 


A _ A. UA 
Cage = Pip Rap (3) 


Bence and Albee [2] suggested that such empirical factors could be derived 
using oxides or well-characterized simple minerals and synthetic components as end 
members rather than pure elements, which would make electron microprobe analyses 
independent of complicated mineral standards of sometimes uncertain composition and 
homogeneity. They successfully extended this method to the analysis of multi- 
component systems, particularly complex minerals and water-bearing phases and 
reported empirical factors for the Ky radiations of 10 elements (Na, Mg, Al, Si, K 
Ca, Ti, Cr, Mn, Fe) in their respective oxides and H20. In a multi-component 
system, the concentration cA of element A in the unknown (u) can be calculated as 
follows: u 


> 


C = 8B ‘ «K (4) 


KA is the measured background-corrected intensity of a characteristic line of 
u 


element A in the unknown relative to the measured intensity of the same line in the 
oxide of A, and gh is defined as follows: 


u 
A A B A C A N A 
e + is + e + ees 7 . 
pete Ka * Taroxide * Su" Sproxide * Ku" %c-oxide * ""' Su" Weoxide (5) 
u 
oe Re ae RO ee. al 
u u u u 


Frazer et al. [4] have shown that as E, (accelerating potential) decreases and 
approaches E,(critical excitation potential) the effects of absorption, fluorescence,and 
electron backscatter (but not the electron stopping power S) decrease and become 
negligible for Ey = Eg. They suggest that intensity ratios of sample to standard 
could be obtained at different E, as close as practically possible to Ec, and that 


49C 


linear extrapolation to E, would yield an intensity ratio for E, = E,. They also 
suggest a simple method for correcting for S and have successfully applied this 
technique for the quantitative analysis of minerals. 


The electron microprobe has been applied to many different problems in 
geology. It has been of extreme importance in the quantitative characterization 
of more than 125 new minerals from earth, meteorites, and the moon. Mineral 
analyses and the study of the composition of coexisting minerals is probably the 
most important area of application of the probe in geology. Zonal structure of 
minerals, geochemistry of elements in individual mineral grains, bulk rock analyses 
with a broad electron beam, exsolution lamellae and fine inclusions, and rare gas 
contents have been studied with the probe. In addition, the instrument has been 
applied to the study of phase equilibria systems, luminescent properties of 
minerals under electron bombardment, modal analysis, wavelength shift studies and 
Kossel microdiffraction. 


In conclusion it may be said that, in recent years, no other research tool 
has revolutionized geology as much as the electron microprobe, and its impact on 
earth sciences can only be compared to the introduction of the polarizing micro- 
scope to geology more than 125 years ago. 
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MICROPROBE ANALYSES OF GLASSES IN LUNAR SOILS 
R, W. Brown 


Lockheed Electronics Company 
Houston, Texas 77058 


W. I, Ridley, J. L. Warner and A. M, Reid 


NASA Manned Spacecraft Center 
Houston, Texas 77058 


Lunar missions to date have sampled six widely separated spots on the front side of 
the moon, The nature of the lunar surface geology at these sites has been deduced 
from detailed studies of the limited number of samples brought back from each site. 
Of these samples the soils contain the greatest amount of information in that they 
contain an assemblage of particles derived from a much larger area of the lunar sur- 
face than can be sampled directly. Repeated impacts have pulverized lunar surface 
material forming a soil consisting of both locally derived material and fragments 
thrown from distant regions of the moon by large impacts. 


Microprobe analyses of glasses in the lumar soils can be used as a guide to the com- 
position of the rocks from which the glasses were derived by impact melting. However, 


small impacts may not melt sufficient material to provide a representative sample of 
the parent rock and the nature of the impact process, with rapid heating and quench- 
ing, may allow element fractionation or incomplete melting. Impact glasses are com- 
monly heterogeneous raising severe analytical problems; in addition, impact events 
melt not only homogeneous igneous rocks but soils and breccias that are themselves 
complex mixtures of several rock types. 


We have found that if a large number of glasses are analyzed, the expected large amount 
of scatter in the data is observed. However, with sufficient number of analyses, pre- 
ferred compositional groupings emerge from the data. We have made the logical assump- 
tion that these groupings reflect the composition of the parent rock types. To date 
we have completed 500 analyses of glasses in Apollo 14 soils, 350 analyses in Luna 16 
soils, and 200 analyses in Apollo 15 soils. Fach glass was analyzed for the elements 
Si, Ti, Al, Cr, Fe, Mg, Ca, Na, and K, All data were taken under identical conditions 
and monitored by including secondary standards with each run, Cluster analyses tech- 
niques were used to detect preferred compositions among each group of data. 


This approach has allowed us to characterize the dominant rock types at each landing 
site, These data are of particular importance for the Apollo 14 and Luna 16 sites where 
few large crystalline rocks were sampled. At each site several components that are prob- 
ably derived from more distant sources can be recognized, Some of these components are 
common to several sites and tentative conclusions can be drawn regarding regions of the 
moon not sampled directly. Correlations with Apollo 15 x-ray and y-ray orbital data 
allow estimates of the major element composition of the lunar highlands. 


Present data suggest that there are three major types of rock which have been sampled 
at the lunar surface: (1) Each mare basin contains basalts that are rich in Fe and Ti, 
low in Al and alkalis. Despite an overall similarity in composition among all mare 
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basalts each mare apparently contains basalts with some distinctive major element 
characteristics. (2) The Fra Mauro (Apollo 14) site and the regions around the 
Imbrium basin contain Fra Mauro basalts (KREEP) that resemble terrestrial high alumina 
tholeiites, Compared to the mare basalts these rocks are higher in Al and in K, REE 
and P, (3) The lunar highlands contain rocks that are very rich in Ca and Al and are 
highly feldspathic. The dominant rock type appears to be equivalent to anorthositic 
gabbro with 70 percent plagioclase feldspar and minor pyroxene and olivine. 


Apollo 15 soils contain a major component of green glass that is rich in Fe and Mg, 

low in Al and Ti. This glass may derive from an ultrabasic lunar rock not previously 
sampled, One outstanding characteristic of the green glass is its remarkable homogeneity 
and constancy in composition despite the fact that it occurs in soils over a wide area of 
the Apollo 15 site, This glass should allow us to compare analyses among microprobe 
laboratories engaged in lunar studies as its variability, in the samples we have analyzed, 
is comparable to, or better than, our expected analytical precision, 
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INTRACRYSTALLINE VARIATIONS OF MAJOR AND 
MINOR ELEMENTS IN LUNAR PYROXENES 


A. E. Bence 
Department of Earth and Space Sciences 
State University of New York 
Stony Brook, New York 11790 


Single crystal x-ray diffraction, transmission electron microscopy, and electron 
microprobe studies of pyroxenes from the lunar basalts have shown that these min- 
erals, which are major constituents of most of the lunar rocks, are extremely com- 
plex both structurally and chemically (see, for example, 1-7). These complexities 
vary with the cooling histories of the host basalts, their bulk chemistry, and foo 
during crystallization and, consequently, if properly evaluated, will provide a 
valuable tool for the understanding of lunar basalt petrogenesis. The nature of the 
lunar regolith precludes direct correlations between samples such as can be done on 
earth. For example, it is not possible to say immediately whether or not two lunar 
basalt samples are from the same flow unit and, if so, what their positions are in 
that flow. However, correlations of bulk chemistry, mineralogy, textures, and py- 
roxene crystallization trends may make it possible to make such determinations. 
Furthermore, as the American Apollo program winds down, the only new samples that we 
might expect to obtain will be soil samples from unmanned missions such as have been 
returned by Luna's 16 and 20. Examination of pyroxenes from lithic fragments in the 
o-k mm fraction may provide sufficient data to determine the nature of the parent 
rock and its emplacement history. 


Quantitative electron microprobe investigations of the major and minor element crys- 
tallization trends in pyroxenes from a number of lunar basalts reveal significant 
differences between the various basalt textural and chemical types (8). These 
trends (Figs. 1-4) reflect the changing composition of the liquid phase with re- 
spect to major and minor components as crystallization proceeds and, although equi- 
librium conditions did not prevail, may be best understood in terms of a partition- 
ing of components between the liquid and crystalline phases. The appearance of a 
new crystalline phase establishes further competitions for the components in the 
melt and if the competition is severe, will result in abrupt changes in the crystal- 
lization trends for crystals previously growing the melt. Such discontinuities ob- 
served in the pyroxene crystallization trends for Fe-Ca-Mg (Fig. 1), Ti-Al (Fig. 2), 
Ti-Cr-A1VI (Fig. 3), and Al/Si-Fe/Mg (Fig. 4) are consistent (and correlate textur- 
ally) with the onset of plagioclase crystallization and, in one case, with the late- 
stage appearance of an aluminous spinel. For basalts of similar bulk chemistry and 
mineral paragenesis, but different textures, variations in crystallization trends 
are most easily explained by different cooling histories. In general, the late- 
stage crystallization histories appear to be rapid, near-surface events for all the 
basalts; however, the initial stages, as inferred from the pyroxene chemistry, 
differ for a number of basalt types. The primary difference for the initial stages 
is the position of plagioclase in the paragenetic sequence. 


The compositional discontinuities occur over sub-micron to several micron intervals, 
represent relatively minor changes in the concentrations of Ti, Al, and Cr, and are 
not generally visible optically. Further complexities are introduced by the fact 
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that sectoral control within a single pyroxene crystal results in very different 
compositional trends in the (010), (110), and (100) directions. As a consequence 
great care must be taken in obtaining and interpreting quantitative electron micro- 
probe data for these trends. In the present investigation, quantitative determina- 
tions for Fe, Ca, Mg, Si, Ti, Cr, Al, Mn, and Na were obtained by running successive 
four-element step scans across the crystals and matching profiles. Selected points 
along these profiles were then analyzed for statistical determinations. Data were 
reduced to oxide weight concentration according to a modification of the scheme of 
Bence and Albee (9) and pyroxene formulas were determined by normalizations to 6 
oxygens. 
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Vapor=Phase Crystallization in Lunar Breccias 


D. S. McKay, U, S. Clanton, and G. H. Ladle 


Summary 


Many of the highly recrystallized breccias from Apollo 14 contain crystal lined 
cavities or vugs. The mineralogy of the vugs based on Scanning Electron Microscope (SEM) 
and Energy Dispersive X-Ray (EDX) analysis consists of well developed crystals of plagio- 
clase, pyroxene, ilmenite, apatite, whitlockite, iron, nickel~iron, and troilite. Plagio- 
clase and pyroxene appear to form a substrate on which all other crystals grow. Iron, 
nickel-iron and apatite crystals appear to be late forming crystals; the most perfectly 
developed crystals are apatite. The growth of crystals in interior vugs, the development of 
detailed and complete crystal faces, the abundance of growth steps, and the delicate net- 
sa of crystals separated by open spaces strongly suggests that growth was from a vapor 
phase. 

The crystals are interpreted as having formed from a hot vapor containing oxides, 
halides, sulfides, alkali metals, iron and possibly other chemical species. The vapor was 
associated with the thermal metamorphism and subsequent cooling of the Fra Mauro Forma- 
tion after it had been deposited as an ejecta blanket by the Imbrian impact. An analogy 
may be made with the zone of vapor-phase crystallization of terrestrial ash flows. Ter- 
restrial ash flows typically display vapor-phase alkali exchange, loss of volatile gases, and 
the development of fumaroles and sablietares, Lacking H2O as a major vapor component, 
cooling lunar ejecta blankets would not be expected to duplicate in detail features seen in 
terrestrial ash flows. However, a vapor phase would be expected and the cooling history 
would be analogous. The redistribution of volatile species in a vapor phase appears to be 
a significant feature of large lunar ejecta blankets, and may have been more important in 
early lunar history when late stage accretion and mare basin excavation provided large 
ejecta blankets. 


Figure Captions 


Figure 1 
: a. SEM photograph of a doubly terminated hexagonal apatite crystal in a breccia 
vug. oe apatite contains about 2 percent chlorine based on EDX analysis. 
(14261). 
b. SEM photograph of a nest of apatite crystals. First and second order prisms; 
first, second, and third order hexagonal dipyramids; and basal pinacoid faces 
are present on the apatite crystals in Figure 1, a, b, and c. (14161), 
c. SEM photograph of a stubby apatite partially filling a small vug; this crystal is 
twinned. Apatite crystals are found only on substrates of plagioclase and 
pyroxene crystals, (14143), 
d. SEM photograph of a stubby discoidal crystal of whitlockite (center). A tabular 
rhombohedral habit is suggested but rounded faces make indexing uncertain. 
(14261). 
Figure 2 
a. SEM photograph of a host of small, mostly tabular plagioclase crystals which 
have grown on the growth steps of a pyroxene crystal. (14261). 
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SEM photograph of tabular plagioclase crystals in a small vug in a recrystallized 
breccia. (14001), 

SEM photograph of low calcium, prismatic pyroxene crystals. Pyroxene needles 
smaller than about 2 micrometers in diameter are rounded and have hemispherical 
terminations; larger crystals have regular faces. A tabular crystal of ilmenite 
clings near the free end of the largest pyroxene crystal; an iron crystal is par- 
tially visible in the background behind the ilmenite crystal. (14261), 

SEM photograph of growth steps on a calcium pyroxene crystal; this linear bunch- 
ing of growth lines is characteristic of many of the vug pyroxene crystals, 
(14161). 


SEM photograph of pseudo octahedron of ilmenite with basal pinacoid, rhombo- 
hedron and prism faces. Ilmenite crystals are relatively uncommon in vugs; most 
tend to be small and tabular as shown in Figure 2c, (14262), 

SEM photograph of a euhedral iron crystal. This tetrahexahedron has an axis of 
four-fold symmetry projecting toward the upper right of the photograph. The 
crystal contains no detectable nickel (less than 1 percent), (14161). 

SEM photograph of an iron crystal with well developed faces and bunched growth 
lines. The three large faces form part of an octahedron; the smaller rectangular 
form is one face of a dodecahedron. (14262), 

SEM photograph of a nickel~iron crystal with a partial coating of iron sulfide, 
presumably troilite. The tetrahexahedron has been photographed along an axis 
of three-fold symmetry resulting in the pseudo-hexagonal outline. The crystal 
contains about 12 percent nickel. (14258). 


N 
$-72-30019 Figure 1. 
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LOW KeV ANALYSIS OF SILICATE MINERALS USING PURE ELEMENT STANDARDS 
G. Cunningham, T. Palmer, 
K. Snetsinger and M. Blanchard 
NASA-Ames Research Center 
Moffett Field, Calif. 94035 


INTRODUCTION 


The elements Mg, Al, and Si, common in rock forming minerals, generally require 
large matrix corrections which reduce the accuracy of electron microprobe analysis. 
Desborough and Heidel (1971) have demonstrated that 6 KeV analysis of these 
elements using mineral standards can eliminate the need for matrix corrections. 
This paper presents results of electron microprobe analysis at 6 KeV for Mg, Al, 
and Si in well analyzed silicate minerals using pure elements as standards. The 
data show this approach is acceptable in certain instances and no matrix correc- 
tions are required. These results indicate it is not necessary for the standard 
and sample to have similar amounts of the same elements. Hence, pure elements and 
other simple compounds may be used as standards whenever the conditions are met. 


PROCEDURE 


Analyses were performed using the MAC model 400 electron microprobe. The elements 
Mz, Al, and Si were analyzed at 6 KeV with an ADP crystal and a gas flow pro- 
portional detector and a specimen current of 0.0100 microamp on the pure element 
standard. The electron beam diameter was about 5 microns. Count rates were low; 
ranging from 50 to 200 cps on the standards and from 10 to 100 cps on the samples. 
For each sample three 50 second counts were made on 10 different grains (when 
fewer grains were available, widely separated spots were used) so that sample 
inhomogeneity would be eliminated. Data were corrected for wavelength shift, 
deadtime, instrument drift and background. Mineral samples were selected s0 a 
large range of compositions and mass absorptions would occur. 


RESULTS 


Data shown in Table I indicate the measured values of Mg, Al, and Si, are within 
experimental error of the chemical values whenever the atomic number (Z) of the 
standard was near the Z of the sample. This appears typical for those analyses 
wnen the Z of the standard is within + 1 of the sample. A progressively larger 
error is introduced as the Z of the sample gets farther away from the standard. 
At 6 KeV the electron beam penetration is very shallow so the absorption is at a 
minimum, and the principle matrix correction should be atomic number. The data 


support this. 


Table II shows results of 6 and 25 KeV analysis for Mg, Si, and Fe in a meteoritic 
olivine (Marjalahti) using pure elements as standards. As would be expected Mg 
and Si results at 6 KeV without corrections were superior to the 25 KeV 


analyses with matrix corrections. 
petter than the uncorrected values (6 KeV). 
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much greater than absorption or fluorescence corrections for Fe. 


CONCLUSIONS 


Only for Fe are the corrected values (25 KeV) 
The atomic number correction was 


Low KeV analysis for Mg, Al, and Si using pure element standards can be effective 


in those applications where the Z of the standard is near that of the mineral 
sample to be analyzed. 


(c) time is saved; 
standards. 


Advantages of low KeV analysis include: (a) elimination 
of matrix corrections; (b) only elements of interest need be analyzed in a sample; 


and (d) the need is reduced for many costly chemically analyzed 


Problems with low KeV analysis include: (a) lower count rates, which 


means poorer precision and longer count times; and (b) a smaller volume is analyzed, 
which suggests surface contamination and sample inhomogeneity will produce larger 


errors. 
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Element Corundun 


(1) 7.10.65 


Mg (Z=12) 
_(4) 


Chemical, 


MicroProbe -- 
(3) 


Al (Z=13) 


52.92 


Chemical 
MicroProbe 52.7+-6 
Si (Z=14) 


Chemical a= 


MicroProbe -- 


(1) -errective atomic number =) 6,243 where C = weight fraction, Z = atomic number. 


(2) chemical = Wet chemical values. 


(3) wcroProbe = Microprobe results not corrected for matrix effects 


Table I: 


46.76 


4h. 94.6 


Six KeV Analysis of Minerals for Mg, Al & Si 


using Pure Element Standards. 


percent. 
Cordierite 


Z=10.97 


T+27 


To14.3 


17-71 


17 66263 


23.07 


19.44+.4 


Mar jalahti 
Olivine 
Z=11.90 


18.83 


18.6+.2 


Data in weight 


Wilburforce 
Hornblende 
2=13.80 


Slt. 


19.15 


19.0.3 


(4) porizontal lines indicate elements not determined or below 0.2% weight percent. 


Suzimaki 
Olivine 


7=1h4.98 


Chromite 


Z=16.95 


53C 


Table II: 25 KeV Analysis vs 6 KeV Analysis 
of Mg, Si and Fe in Marjalahti 
Olivine using Fure Element Standards. 
Data in weight percent. 


Chemical 6 KeV 25 KeV 25 KeV 
Elements Analysis Microprobe Microprobe Bence & Albee(1968) 
Analysis(1) Analysis(1) Correction Program® 
Mg 28.60 28.51 15.49 30.03 
Si 18.83 18.54 9.76 18.19 
Fe 8.85 Tea 3) T<13 8.95 


(2) corrected for wavelength shift, detector deadtime, instrument drift 
and background, no matrix effect corrections. 


(2) corrected for mass absorption, fluorescence and atomic number 


(3) pe analysis done at 10 KeV. 


Acknowledgment - These analyses were performed by Trapelo/West 
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ELECTRON PROBE INVESTIGATION OF HYDROGEN-INDUCED 
BLISTERS AND INTERNAL CRACKS IN IRON 


%* 
Je Le Bomback and I. M.e Bernstein 


United States Steel Corporation 
Research Laboratory 
Monroeville, Pennsylvania 15146 


It is well known that hydrogen can have an extremely deleterious effect on the 
mechanical properties of iron-base materials. Nucleation and growth of hydrogen- 
induced surface blisters and internal cracks lead to macroscopic size defects. 
The characterization of these defects including their morphology, distribution 
and effects on the surrounding lattice is of great value in the study of hydrogen 
embrittlement. This can be accomplished with various electron probe techniques. 
In particular, the morphology of internal cracks can be observed on stereo pro- 
jection microradiographs and the distortion of the surrounding lattice estimated 
from the superimposed Kossel absorption conics. Surface blisters are easily 
imaged in the SEM while selected area channeling patterns reveal the deformation 
around the blisters. 


The geometry of the microradiograph/Kossel arrangement is shown schematically in 
Fige 1. The Kossel absorption conics are used since they and the radiographic 
image are gnomonic projections from the point defined by the x-ray source whereas 
the apices of the diffraction conics are not well defined. Figure 2 shows several 
internal cracks in a pure iron crystal which had been cathodically charged at room 
temperature for 1 hre at a current density of 30mA/cm2 and in the absence of 
applied stresse The black and white lines are the Kossel absorption and diffrac- 
tion conics respectively. 


The micrographs were taken in an Acton Kossel camera on Kodak Noo Screen Medical 
film using an iron foil target. The specimen to film distance was 12.5 cme 
Exposure time was 10 min. at 30 kv and 100 nae Figure 3a is an enlargement of 
the region around crack A and Fige 3b shows the corresponding Kossel pattern from 
a perfect iron crystal. 


The crystal orientation was such that the crack region coincided with the inter- 
section of 3(110) type conics. The severe deformation near the crack manifests 
itself as a smearing of the (110). conic. This can be visualized as regions with 
lattice misorientations of + 19° 20 tm from the crack edge, and decreasing to 

+ 0.1° at 50 tm. Usually the distortion is localized to within 100 bm of the 
defect and does not appear generally throughout the crystale As more cracks 
nucleate and grow, the regions of high plastic deformation surrounding the cracks 
begin to overlap and the lattice distortion is more pronouncede 


* Now with the Dept. of Met. & Mat'l Science, Carnegie-Mellon University, 
Pittsburgh, Pae 15213. 
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The surface blister on a <1l10> face is shown in Fig. 4. 


the blister indicate a discontinuous slip process. 


The steps up the side of 
Selected area channeling 


patterns were taken to determine the crystallographic relationship governing the 
directional morphology of the blister and the degree of lattice perfection around 
ite 


The authors acknowledge the help of Mre Howard Wagenblast who took the micrographs. 
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Fig. |- X-ray Projection Radiography and Kossel Geometry. 


Fig. 2- Several Hydrogen Induced Cracks. 
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4 (a) 
Fig. 3 - Enlargement of Crack A in Fig. 2. 


Fig. 4 - Hydrogen-Induced Blister on {10 Iron Crystal. 
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EXAMINATION OF MEDIUM RANK COALS BY SEM 
L. F. Vassamillet, Carnegie-Mellon University, Pittsburgh, Pa. 


In a study of the Mussbauer spectra of iron in several samples of coal (1) it 
was observed that a hitherto unobserved Méssbauer spectrum was obtained in addition 
to the well-known pyrite spectrum. The non-pyrite iron is Fe(II), in a high-spin 
configuration, in octahedral symmetry, and apparently in a rather well-defined state. 
The identification of minerals present in many coals does not account quantitatively 
for several of the metallic elements present (such as Fe) and it has been postulated 
that some sort of “organic” bonding with the coal is involved. However, little was 
known about the structures of the "organically bound" metallic elements. The Muss-— 
bauer study established the valence state of the iron and as well cast some doubt on 
this "organic" form of its presence. 

Early microprobe results (2) showed the iron to be present in varying amounts 
thoughout the matrix of the coal samples investigated, and often associated with 
other elements such as Si, Al and Mg. Although such elements as Ca, Na, Ti and K 
were also found in the coals, the correlation with Fe was rather poor, especially 
on the larger mineral inclusions. Of the possible Fe containing minerals based on 
known minerals associated with bituminous coals (3) prochlorite (2Fe0°2Mg0°A1903> 
2Si09°2H20), satisfied the two sets of criteria required by the microprobe results 
and the parameters of the MUssbauer spectra (1). 

X-ray micrographs showed a very high correlation of Fe with Si and in several 
instances gave good correlation with Mg and Al. However, the ratios of Si, Mg and 
Al to Fe were highly variable. This of course could be due to variations in mineral 
grain size as well as compositional differences. 

Prochlorite is a member of the chlorite family of minerals (3), (Mg, Al, Fe)19 
[(Si, Al)g doo] (OH)1¢- These minerals form an extensive isomorphous series with 
considerable atomic substitution. Limiting forms may contain no iron, no aluminum, 
or no magnesium. They possess a layer structure, resembling micas. The location 
of the Fe in the layers does conform to the octahedral symmetry required by the 
MUssbauer spectrum (5). Another mineral group, the amphiboles, also forms an exten- 
sive isomorphous series with atom exchange between Al and Si, Mg and Al and Mg and 
Fe (6). Hornblende,a member of this group,is an occasional mineral in bituminous 
coals. Current studies (5) indicate that Fe(III) is always observed in the several 
mineral specimens examined by the Missbauer technique, and no similar spectral form 
has been observed in any of the coals. 

Using the SEM the small mineral grains are easily seen due to the large atomic 
member difference between the matrix and the mineral. X-ray spectra have been 
obtained from these grains by an energy dispersive detector. For semi-quantitative 
analysis, standards of Si02, MgO, Al 903 and an olivine were used. 

Although unambiguous identification is not possible on mineral grains of the 
sizes common to the coals investigated, the evidence is very strong that a large 
fraction of the iron present in coal but not associated with sulfur is widely dis- 
tributed throughout the matrix in very small particles (10 microns and less) of a 
high density mineral. It appears likely on the basis of the M¥ssbauer and SEM 
studies that the concept of "organically bound" iron is neither required nor experi-~ 
mentally substantiated. 
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EXAMINATION OF LOW GRADE URANIUM ORES BY 
ELECTRON BEAM TECHNIQUES 


Gregory S. Maurer, Oberlin College, Oberlin, Ohio 
L. F. Vassamillet and T. B. Massalski 
Mellon Institute of Science, Carnegie-Mellon University 
Pittsburgh, Pa. 


Present methods of uranium extraction from low-yield ores are relatively ineffi- 
cient. For example, the point of diminishing returns on the processing of granitic 
uranium and thorium ores occurs at about 60 per cent efficiency (1). Variation of 
processing parameters (e.g. leaching time, acid strength, temperature, ore mesh size) 
results in significantly higher yields, but always at the expense of production costs. 
It is known, at least for the case of the granitic ores, that this difference in 
"recoverability" is due in large part to mineralogical differences. 

Given that higher extraction efficiency is desirable, and assuming that micro- 
structure plays an important role in the extraction of uranium from all ores, it seems 
natural to begin with suitable characterization of those ores now being mined commer- 
cially. Such ores have already been well-characterized by traditional mineralogical 
techniques (e.g. optical properties, x-ray diffraction pattern); a new look from a 
different point of view could be most enlightening. 

Six different ores from the western and midwestern United States were examined. 
Secondary electron micrographs were taken of representative areas; x-ray micrographs 
were taken of the same areas so that microstructure could be correlated to chemical 
composition. X-ray wavelengths with which area scans were made were determined by 
multichannel analysis. The ores may be separated into two distinct classes on the 
basis of uranium distribution characteristics. In one category all detectable uran- 
ium-bearing matter is found in the interstices among the principal and distinguish- 
able grains of the ore; in the ores of the second category, the uranium-bearing mater- 
jal is found as a primary constituent of a number of distinguishable grains. 

The ore from the Mineral Jo mine is typical of ores in the first category; the 
uranium is found in interstices among the quartz and pyrite crystals which constitute 
the bulk of the ore. Calcium and vanadium are associated with the uranium. The 
uranium-bearing mineral in this ore had tentatively been identified as carnotite (2); 
the sample examined had no trace of potassium, and could therefore not have contained 
carnotite. Moreover, while the ore contains vanadium, the x-ray micrographs show 
that the uranium and vanadium concentrations are inversely related - wherever uranium 
concentration increases, vanadium concentration decreases. 

Ore from the Lucky Mc mine is representative of the second category of ores. The 
uranium-rich regions in the ore are very small and their structure rather difficult to 
distinguish by optical methods. Use of the scanning microscope reveals a two-phase 
structure of alternating light and dark bands. The width of the bands is variable, 
but of the order of 0.1 - 1.0 micron. The uranium is located in the light bands and 
is combined with phosphorus, arsenic, magnesium, aluminum, and iodine. The dark bands 
are primarily carbon. This mineral does not agree in composition with any minerals 
reported to be present in the area (3). The chemical composition closely resembles 
that of novacekite and saleéite, both of which are very rare. One possible conclus- 
ion is that these minerals are not so rare as previously thought; rather, they are 
rarely found in crystals large enough to be identified by optical and x-ray diffrac- 
tion techniques. 
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It would be presumptuous, on the basis of this work, to draw any specific con- 
clusions concerning uranium extraction processes; however, a case has been made for 
a methodology of mineral characterization which utilizes SEM and multichannel anal- 
ysis. In this instance such a methodology has resulting in: 

1) a fast way of limiting the field of possibilities during the process 

of mineralogical identification. 

2) a simplification of interpretation of x-ray diffraction patterns. 

3) the detection and possible identification of minerals which are present 

in quantities too small to be detected by traditional mineralogical 
techniques. 
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ELECTRON MICROPROBE TECHNIQUES FOR DETERMINATION OF THE 
OXYGEN POTENTIAL IN IRRADIATED MIXED OXIDE FUELS 


by 


Carl E. Johnson, Charles A. Seils, and Melvin S. Foster 
Argonne National Laboratory, 9700 South Cass Avenue, 
Argonne, Illinois. 60439 


The migration of fission products in mixed (U,Pu) oxide fuel elements during 
irradiation at high temperatures has significant importance on the thermodynamic char- 
acteristics of the fuel. Electron microprobe analyses! »2>3 of the characteristic metal 
inclusions found in irradiated fuels have reported these inclusions to be alloys of Mo, 
Te, Ru, Rh, Pd. Compositional data indicate that in many cases the molybdenum content 
is less than predicted from fission yield data. Fission of the fuel releases oxygen 
to the system. Thermodynamic data indicates that as a fuel becomes increasingly oxi- 
dized with fission, molybdenum will be oxidized and may in fact "buffer" the oxygen 
potential of the fuel while undergoing irradiation. If equilibrium conditions are 
assumed to exist in the fuel during irradiation between the molybdenum in the alloy 
and oxide phases then molybdenum may serve as a redox indicator and together with 
appropriate thermodynamic equations, be used to indicate the oxygen potential across 
the fuel radius. 


The determination of low levels of fission product molybdenum in the mixed 
oxide fuel matrix by electron microprobe examination is a difficult task. The most 
reliable method involves a closely spaced point by point counting procedure across 
the Mo La spectral peak to determine the maximum peak height and suitable background 
corrections. To perform such a task on a significant number of experimental data 
points by a manual procedure would be extremely tedious and inefficient of operator 
time. However, just such an approach is ideally suited to computer control of the 
microprobe. Our EPM utilizes a Canberra system interfaced to an 8K Varian 620/i 
computer with additional 123 K of disc storage. Spectrometer movement, data acquisi- 
tion, and readout onto punched paper tape are controlled through a simple set of 
instructions entered through the teletype keyboard. Data reduction to net counting 
rate complete with an estimate of the standard deviation is accomplished by a "DISCOM" 
program which accepts as input the paper tape generated by the automated electron 
microprobe. Thus, a significant quantity of data may be accumulated and processed 
without resort to manual control. 


This approach has been successfully applied to a series of fast reactor 
mixed oxide fuels. Typical of the type of data obtained are shown in Figure 1 where 
the oxygen to metal (0/M) ratio has been plotted as a function of fuel radius for 
two of the fuels studied. For a fuel which had a start of life O/M = 2.00 it is seen 
that a significant redistribution of oxygen has occurred. The effect of this oxygen 
migration on fission product redistribution, fuel swelling, and on cladding attack 
will be explored in greater detail. 


1. Bramman, J. J., Sharpe, R. M., Thom, D., and Yates, C., J. Nuclear Materials 
25, 201 (1968). 
2. O'Boyle, D. R., Brown, F. L., and Sanecki, J. E., Ibid. 29, 27 (1969). 


3. Stalica, N. R., and Seils, C. A., Proceedings American Ceramic Society, 
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INTERDIFFUSION BETWEEN URANIUM DIOXIDE AND URANIUM- 
PLUTONIUM DIOXIDE DURING IRRADIATION 


by 


E. M. Butler, R. O. Meyer, and D. R. O'Boyle 


Argonne National Laboratory 
Argonne, Illinois 60439 


Diffusion rates of uranium and plutonium in mixed-oxide fuels have a major in- 
fluence on important processes in operating fuels such as restructuring, plasticity, 
and migration phenomena. Some diffusion measurements in (U,Pu)0» have been made,!-3 
but no systematic measurements of diffusion coefficients in irradiated mixed-oxide 
fuels have been reported. To understand and predict the in-pile behavior of fast- 
breeder-reactor nuclear fuels, irradiation-enhanced diffusion rates for uranium and 
plutonium in (U,Pu)0) fuels have been measured using a shielded electron microprobe. 


The two fuel rods examined were irradiated in the Experimental Breeder Reactor 
II (EBR-II) at moderate power levels (=13 kW/ft) for 120 days (3.5 at.% burnup) and 
for 370 days (10.0 at.% burnup), respectively. These fuel rods were unique in that 
the upper half of each was fabricated from mixed-oxide (Ug, gPup,2)02 fuel pellets 
and the lower half from UQj fuel pellets. Since the uranium used in both types of 
pellets was fully enriched, the heat-generation rate was uniform in the region of 
the dissimilar oxide-fuel interface. This interface region thus formed an ideal 
diffusion couple, which was analyzed with the electron microprobe after irradiation. 
Moreover, since heat was removed from the 
surface of the fuel during irradiation, a 
steep radial temperature gradient existed saad 
in the fuel rod. Thus, in a single ex- 
periment, diffusion rates between UO? and 
(U,Pu)09 were determined over a wide tem- 


perature range. The fuel-rod geometry, Y 
sectioning scheme, and range of temper- . 
atures for the samples analyzed are il- FUEL ROD 


lustrated in Fig. 1. Numerous micro- 

probe traces were taken perpendicular to 

the pellet interface, as indicated in 

the figure where two schematic traces are 

shown. T~ 2100 °C 
T~ 800 °C 


(ee 
The sections analyzed were highly GIGROPROEE: DATA 
radioactive (=50 R/hr at 9 in.), and the TAKEN ALONG 
examination was performed in a shielded ISOTHERMS 
electron microprobe (MAC-450).+ The 
sample surface was polished with diamond Fig. 1. Diagram of irradiated fuel rod, 
abrasive in an alpha-gamma hot cell with- fabricated from UO) and (U,Pu)05 
out further surface preparation prior to fuel pellets, showing section 
microprobe examination. The sufficiently examined by microprobe analysis. 


58B 


high conductivities of the heavy metal oxides make conductive coating unnecessary, 
provided the specimen current was limited to 0.03 uA. The width of the diffusion 
zones was large enough (>10 w) so that no correction for the size of the X-ray 
volume was required. Intensities of the uranium My and plutonium Mg X-rays were 
measured at 20 to 50 points along each isotherm. These intensities were compared 
with the intensities from pure U0? and PuO») standards, and ZAF and radioactive 
background corrections were made by means of the MAGRAM computer code.> Two con- 


centration profiles across a specimen interface taken at different radial locations, 
which correspond to 1430 and 1865°C, are shown in Fig. 2. 


An analysis of the con- 
centration profiles for the 
diffusion-couple geometry 
indicated in Fig. 1 results 


PROFILE AT 74mil RADIUS in an interdiffusion coef- 
(1430°C) 


ficient, B. If this coef- 
ficient is independent of 
composition in the range 
from 0 to 20 wt % plutonia, 
PROFILE AT 46 mil RADIUS the diffusion equations can 
(1865 °C) be solved in closed form to 
yield the concentration in 
terms of a complementary 
error function.® Thus by 
plotting the concentration 
data on arithmetic proba- 
bility paper, the data form 
a straight line.’ The data 


PLUTONIUM CONCENTRATION, wt % 


DISTANCE FROM INTERFACE , mils shown in Fig. 2 have been 
replotted in this manner in 

Fig. 2. Plutonium-concentration profiles measured Fig. 3, and the diffusion 
perpendicular to the pellet interface at coefficients were calculated 
1430 and 1865°C. Both profiles were from the slopes of the 
measured on the same fuel rod that had straight lines. The anneal- 
been irradiated in a fast-neutron flux ling times and temperatures 
for 120 days. required to calculate the 


diffusion coefficients were 
obtained by recording the reactor operating history and by using standard warm-up 
procedures® to account for temperature changes during irradiation. Temperatures as 
a function of radial position in the fuel were calculated by a method discussed 
previously. ® For the concentration profiles shown in Figs. 2 and 3, the diffusion 
coefficients are 


12 


B 
B 


4.9 x 10. au /aee T = 1865°C 


13 


1.3 x 10. en igee T = 1430°C. 


The effects of temperature, general actinide redistribution,’ radial diffusion, 
and temperature changes during restructuring will be discussed. 
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PROFILE AT 74 mil RADIUS 
Bee (1430°C) 


PROFILE AT 46 mil RADIUS 


(1865 °C) 


RELATIVE PLUTONIUM CONCENTRATION 
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Fig. 3. Probability plots of the data presented in Fig. 
2 showing relative plutonium concentrations as 
a function of distance from the dissimilar 
pellet interface. 
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MICROANALYSIS OF FISSION PRODUCTS 
IN URANIUM OR URANIUM-PLUTONTUM 
IRRADIATED OXIDES FUELS 


by J. BAZIN M. PERROT 
N. VIGNESOULT 
C.CONTY and J. GUERNET 


4 - Introduction 


The COMMISSARIAT A 1’ENERGIE ATOMIQUE uses microanalysis techniques for the 
examination of post-irradiated experimental fuels to be used in french industrial 
reactors. A shielded microprobe has been developped with the collaboration of 

the CAMECA Company and is in operation since January 1971. 


From this date, several analysis have been completed on fuels consisting of 
Zircalloy clad enriched Uranium as well as on stainless-steel clad UO - Pu 02 
mixed oxide. 


We shall quickly describe below the instrument and the specimen preparation and 
then we shall give some results obtained on both above fuels. 


a Specifications of the shielded probe 


As the instrument has been already described in full details (1), we only give here 
its main features. 


2.1 X-ray optics 

X-rays are analysed by using 4 spectrometers with 7 monochromators allowing a 
wavelength range from 1.3 A to 80 A. All elements from B to Pu can then be analysed. 
Counting is achieved by 4 gas-flow proportional counters. 


2.2 Design and efficiency of the biologic shielding 


The shielding design allows a full protection of operators during analysis as well 
as during the insertion of specimens. 


This shielding is made of 10 centimeter thick wall of lead or of an equivalent 
thickness of tungsten alloy as shown on fig. 1 and 2. The transfer cask, located 
at bottom, contains the specimen stage. This cask allows the specimen to be 
inserted in the probe after preparation in a preparation cell. 


The circled numbers which can be seen on fig.2 are corresponding to estimations of 
radioactive intensity expressed in mRad per hour for a specimen of 4 Curies 

of .75 MeV located in the heart of the protection, all other parts of the probe 
being supposed removed. 
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During experiments it has been found out that, for a specimen of 10 Curies at 
- 75 MeV, the irradiation intensity on the shielding surface was less than 2.5 
mRad/hour and was in the order of . 2 mRad/hour at the operator place. 


With this specimen the radioactive background measured without electronic discri- 
mination varies from 1,000 c/s with the counter as close as possible to the speci- 
men to 70 c/s with the counter as far as possible of it. 


3 - Specimen preparation 


The specimens can be a 8 y emitters. First, they undergo a metallographic prepara- 
tion, during which the specimen is impregnated and embodied in a heavy metal alloy 
which obstructs all open cracks. Then, it is mechanically polished by using liquids 
which do not dissolve fission products. After this preparation, which is followed 
by an observation with a microscope, the decontamination begins. This operation is 
made easier due co the impregnation with a metallic alloy which strengthens the 
specimen and allows ultra-sonic cleaning. Then, the cleaned specimen is placed on 
the Microprobe specimen stage. In case the specimen shows porosity it can be coated 
with a thin metallic film evaporated under vacuum. All the tests completed so far 
have shown that the above method is really effective and avoids specimen destruction 
or probe contamination. 


4 - Examples of recent applications 


4.1 Molten fuels specimens 


Several experimental irradiations have allowed Zircalloy clad UQ>9 fuels to be 
operated until burnup of about 60,000 MW day per ton with permanent central melting 
of the oxide (2). 


We have studied, in these fuels : 


- the repartition of the fission products insoluble in the matrix (aldoys such 
as Rh-Ru-Mo-Pd-Tc in white metallic inclusions and U-Ba-Ce or Ba-Zr in grey 
phase). 


- The nature of the layers touching each other between oxide and cladding mate-~ 
rial (a Zr-Cs layer close to the cladding material, then a layer consisting of 
Pd, Ba and Te, which is not an association of these 3 elements, and finally, 
close to the oxide, a layer which contains chiefly Ba). 


The radial repartition of fission products, insoluble in the matrix, such as Zr 
and Mo, has been also investigated. 


4.2 Study of a clad failure (UO2 - Zircalloy) 

One Zircalloy clad U0., fuel has been irradiated one year long in a pressurized light 
water reactor with a fissure in the clad. The burnup reached is about 8,000 MW day 
per ton. The analysis of a zone close to the fissure has shown the local increase 

of oxygen in the oxide. 


The curve on fig.3 shows the radial variation of the O/U ratio in this element as 
compared with the O/U ratio in a non-irradiated U0, fuel. This investigation 
has shown the existence of Zirconium coming from both fission and corrosion on 


the fissure edge. 
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4.3 High irradiation rateg simulation in UO, - Pu Q5 fuels 


Fuels doped with fission products have been irradiated in order to simulate the 
thermic conditions in the reactor. The variation of fission products (Zr, Ce, Ba, 
Mo} has been investigated. 


4.4 Analysis of oxide-cladding material reactions in fuels for fast neutron reactors 


Slices of steel clad UQ> - Pu Q- fuels irradiated in the experimental reactor 
"“SILOE" until burnup far higher than 100,000 MW day per ton have been inves- 
tigated in order to determine the nature of the layers of reaction existing 
between oxide and cladding material. 


Results are used when trying to understand the mechanism of these reactions. 


Conclusion 


After more than one year of experimentation, it can be said that our "hot" probe 
system works quite well. After very little improvements, the operation of our 
equipment is from the beginning troublefree and very easy, particularly from the 
standpoint of the maintenance as the way of preparing the specimens has allowed full 
elimination of all microprobe contamination. 


Highly active fuels has been investigated. The analytical sensitivity is very close 
to the sensitivity which can be reached without radioactive background, and above 
application examples allow to appreciate the quality of the results. 
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fip.2 Cross section showing the accessories arrangement in the column and the 


: sliding cover of the transfer cask . 
Front view of instrument 


o Zo Measured with the probe 


3 
28 | Standard counting error 
2,6 
2,4 
22 0 Measured in non irradiated UO» 


360 370 380 390 


a_ Central hole edge 

b— Double phased zone limit 

c_ zone rich in Pu O. _O 
Yo O+Pu 


d_ UO» External limit 
tig.3 Radial variation of 0/U ratio in a zircalloy clad UO. nuclear fuel broken during irradiation. 
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ELECTRON PROBE ANALYSIS OF CORRODED Cr-Ni ALLOYS IN COMBINATION 
WITH A LIGHT OPTICAL ZnSe INTERFERENCE METHOD. 


A.P. von Rosenstiel Metaalinstituut TNO, Delft / Holland 
A.G. van Zuilichem Koninklijke/Shell-Laboratorium, Amsterdam, 
Holland 


Severe corrosion was found in Incoloy 800 parts after having 
been in service in not combustion gas. According to the service 
conditions mentioned, sulphur was not involved in the corrosion 
process. 


Preliminary investigation by microprobe analysis indicated a very 
complex structure. The phases present could neither be distinguished 
by chemical etching nor by backscatter electron imaging. 


Instead of an elaborate and time consuming probe analysis for 

a great number of structure elements possibly present, the 
evaporized ZnSe interference layer (Pepperhoff method) was used 
revealing clearly all phases present. 


Characteristic areas (interference colours) of the phases present 
could easily be recognized under the light optics of the microprobe 
which were subsequently analysed. 


In the heavily corroded Incoloy large corrosion attacked areas 
within the base material as well as intercrystalline corrosion 
products were observed. In total more than 9g different phases 
were identified in the corrosion layer. 


In the completely corroded outer parts of the sample (fig. 1) only 
oxides (Cr-Fe-oxides) were analysed. In a zone between oxide layer and 
the base material more or less irregularly shaped Ni-(Fe)-sulphides 
are present. Besides very complex oxides and oxisulphides, containing 
Cr, Ti, Mn and Si in varying quantities were detected in this zone. 


From the corrosion zone penetrating into the base metal similar 
corrosion products were detected on the grain boundaries: 
Ni-(Fe)-sulphides at the tip of the grain boundaries, Cr-Fe-oxides 
and complex oxides and oxisulphides. In front of this corrosion zone 
along the grain boundaries, decarburisation of the base metal was 
observed. At the tip of the corroded grain boundaries within the 
non-affected base material only sulphides were analysed. 
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In the corroded base material (see fig. 2 and 3) a more complex 
composition of corrosion products can be recognized. The colour 
photographs show two colour groups: in all the bluish phases 

Ni is more or less dominating, in the purple phases Cr is the 


main component. Except for the bright blue Ni-Fe-matrix all these 
phases were sulphides. 


The Pepperhoff technique in this case greatly contributed to the 
microprobe analysis, firstly by an indication of the number of phases 
present in the corrosion layer, and secondly in facilitating the 

area to be analysed for the identification of each phase. 


Fig. 1 Fig. 1a 
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BONDING IN PORCELAIN ENAMEL-METAL SYSTEMS* 


J. B. Woodhouse and A. I. Nedeljkovic 


Materials Research Laboratory 
University of Illinois, Urbana, Illinois 61801 


Porcelain enamels containing CoO, NiO and some other oxides develop good 
bonds when applied to a Ni-~flashed low carbon steel, while the enamels without 
these oxides and steels without the Ni-flash perform poorly. Although these 
systems have been the subject of extensive microscopic and x-ray diffraction 
studies, the bonding mechanism is not well understood. In general, it is 
agreed that an intermediate layer, formed during firing, is of great signif- 
icance and studies of its microstructure and microchemistry are essential to 
the understanding of the adhesion of the enamel to the metal. 


Boron and Pask (1) studied the bonding of CoO containing enamel to Armco 
iron and attributed the good adhesion found in that system to the concentration 
of cobalt occurring in a dendritic growth at the interface, a discovery made 
by means of the electron probe microanalyser. Microanalysis was the tool 
again, in the study of the adhesion of enamels to aluminum by Gugeler (2) and 
Baker (3). These latter authors pointed out that Al plated with Cr was 
strongly bonded to the enamel, while aluminum alloys containing magnesium 
exhibited poor adhesion due to the formation of a magnesium rich layer at or 
near the interface. 


In the present work, porcelain enamels containing NiO, CoO, TiO and MoO 
were applied to low carbon steel and to such steel coated with a flash of ? 
nickel (about 1 gm per m2) and fired for 5 minutes at temperatures in the 
range of 1100°F to 1700°F. The percentages of the oxides added to the "base 
composition" (Na,0. B 0,- 3Si0.) were those commonly used in the production 
of commercial enamels. ~After firing, the adhesion was tested by a standard 
falling weight test. The microstructures were then examined in a scanning 
electron microscope, equipped with an energy dispersive spectrometer, by 
electron probe microanalysis, optical microscopy and x-ray diffraction. 


Enamels containing 2% NiO gave poor adhesion to low carbon steel when the 
firing temperature was 1500°F or below. At 1600°F, the adhesion improved and 
at this temperature, evidence was found from microanalysis for a nickel rich 
layer at the interface between the enamel and the metal. Nickel has a lower 
oxidation potential than iron and the reduction of NiO during firing and 
precipitation of nickel at the interface are thermodynamically possible and, 
in fact demonstrated here. X-ray diffraction of the interface material 
revealed that a portion of the nickel was precipitated out to form a nickel - 
iron alloy. 


Seite 2 2s ee ee 
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A flash of metallic nickel, deposited on the steel prior to its enam- 
eling, improved the adhesion considerably, and was a more effective promoter 
of adhesion than the oxide additive to the enamel. The techniques used in 
this study showed that the nickel in sample fired at temperatures from 
1100°F to 1700°F remains at the interface and does not diffuse away, although, 
it does tend to alloy with the iron at the higher firing temperatures. A 
decrease in the adhesion at these higher temperatures seems to accompany 
this alloying. 


In all these firings it was noticed that iron diffuses out into the 
enamel, the higher the temperature the longer the range of the diffusion. 
However, this diffusion was greater by about 50% in the specimens with the 
nickel flash. The nickel layer acts as a barrier to the diffusion of iron 
resulting in the preferential formation of the higher oxides of iron at the 
interface which higher oxides dissolve at a higher rate in the enamel than 
FeO. The diffusion profiles for iron in the samples having good adhesion 
are characterised by their ranges (20 to 40 microns) and by the relatively 
high concentration of iron found at the interface. Iron diffuses into the 
enamel in an ionic form and it is essential to a good bond to have it in the 
form of the Fe ion. In samples fired at temperatures higher than 1600°F 
diffusion of iron increased, the maximum value at the interface decreased and 
the adhesion deteriorated. 


In the case of the enamel with additions of TiO, fired onto nickel 
flashed steels, it recrystallised at temperatures in éxcess of 1400°F, at 
1300°F titanium was uniformly distributed through the enamel without any 
indication of diffusion towards the interface. At 1500°F, microanalysis 
revealed a build up of titanium at the interface as well as the formation of 
titanium rich particles in the enamel due to the recrystallisation of the 
enamel. The concentration at the interface was found to be associated with 
the formation of a needle like crystalline structure of iron titanate 
(FeO.TiO,). The recrystallised zone in the enamel contained TiO, in the form 
of anatase at temperatures around 1500°F and rutile at 1700°F. the amount 
of iron titanate at 1700°F seemed to decrease and this was accompanied by a 
loss of adhesion. 
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LOCATION AND IDENTIFICATION OF SMALL PARTICLES WITHIN LARGE SAMPLES 


J. Gavrilovic 


Walter C. McCrone Associates, Inc., Chicago, Ill, 


Air pollution samples, which are usually collected on a Millipore type filter, consist of large 
numbers of particles in the 20-30 wm size range but range to submicrometer size particles. 
A majority of the particles present are common dusts consisting of particles such as calcium 
carbonate, quartz, other numerous silicates, various combustion products, and a variety of 
organic fragments of biological origin. In such samples, both location and analysis of a spe- 
cific phase is often necessary, for example, lead compounds, asbestos, and fragments of va- 
rious metals. 


The finding and/or location of such particles is usually performed,using optical techniques, by 
scanning large numbers of particles under an optical microscope and identifying a specific par- 
ticle or phase by its optical characteristics. However, optical techniques are limited and in 
two cases, inadequate: first, when a phase is optically indistinguishable from the other phases 
and second, when the phase is not optically distinct and is present in very low quantities. In 
both of these cases, techniques other than optical microscopy have to be applied. Among 
these, the electron microprobe is the most powerful analytical tool. 


The three methods used in our laboratory for locating and analyzing such particles are: one, 
the manual scanning of an area with the electron beam; two, the photographic technique; and 
three, a completely automated electron microprobe. One of the steps essential to locating 

a specific phase within a large sample is sample preparation. It is necessary to insure the 
presence of the desired phase in the sample presented for probe analysis. One of the best 
methods is by spreading a large number of small particles on a low-atomic number substrate 
such as polished beryllium. The sample, on the beryllium, must be well enough dispersed 
so that no clustering or overlapping of particles occurs; but the particle density per unit sur- 
face area must be high enough to insure that the amount of time required to locate a specific 
phase is kept to a minimum. 


Manual scanning - If the desired phase is present within the sample in quantities of the order 
of 0.2 - 0.5%, then the fastest way to locate them is to preset the spectrometer or spectro- 
meters for a particular element or elements and scan an area with the electron beam to ob- 
serve when the signal (x-ray intensity) from the spectrometer becomes very intense. 


Photographic method - If the desired phase is present in quantities, which are well below 
the 0.5 - 0.2% range, down to a few hundred parts per million, then the manual approach be- 
comes too laborious and the photographic technique is used to more efficiently produce the 
same results. This technique is based on a prolonged exposure (15 to 30 minutes) picture of 
an area with a large number of particles. The resulting x-ray photograph will reveal a con- 
centration of a specific element within a single particle or sample. For example, in an area 
where the population density is one particle per every 36 square micrometers, an area of 300 
x 300 micrometers will contain 2,500 particles. Therefore, a single exposure of 20 minutes 
will be in effect equal to the analysis of 2,500 particles for one element. 
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Automated electron microprobe - If the proportion of a phase within a sample is below 100 
parts per million, the photographic approach becomes inefficient since the probability of one 
particle being in a photographed area becomes remote. Therefore a computer-operated probe 
becomes a necessity. Within our laboratories we have a completely automated electron mi- 
croprobe. This has been accomplished by interfacing the probe to a Digital Equipment Cor- 
poration PDP-15/30 computer. Programs have been developed by which a beryllium substrate, 
dispersed with small particles, is traversed under the stationary electron beam while the x-ray 
spectrometers are set for specific combinations of elements. Every time a particle which con- 
tains this specific combination of elements comes under the beam, the stage stops and the x- 
ray spectrometers are automatically moved to cover the entire range of elements, ultimately 
producing a complete analysis of a desired particle. To insure that the particle of a specific 


phase is in a sample, an equation, based on a 98% probability, following a Poisson distribution, 
can be applied: 


where N . is the minimum number of particles in a sample which will 
mi 5 ‘ 
contain one particle of phase A, 


K A is the number of particles of phase A per every 100 or % of 
phase A. 


As an example, in an air pollution sample, an automated search was performed for lead com- 
pounds with a sample which had only 50 parts per million of lead. After 48 hours, 15 lead-con- 
taining particles were found and analyzed. In another case, a sample of small particles con- 
taining a small proportion of asbestos fibers was analyzed. The x-ray photographic technique 
revealed magnesium Silicate fibers, some of which were subsequently identified by optical 
methods as asbestos fibers. 
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MEASUREMENT AND ANALYSIS OF SCANNING 
ELECTRON MICROSCOPE IMAGES 


Roger R.A. Morton 
Bausch & Lomb Incorporated 
Rochester, N.Y. 


Instrumentation to measure and analyze the images generated 
by optical microscopes has been available for some years. 
However, it is only recently that it has been possible to 
perform the image analysis directly from images generated 
by electron scanning microscopes and electron probes. 


In general image analysis systems detect features having a 
predetermined density or gray level in the image, determine 

the boundaries of these features, and perform a variety of 
counts and measurements on the detected features. Some of 

the measurements which may be performed are shown in figure 

1 and figure 2 shows some of the types of counts which may 

be performed. In addition, area measurements such as total 
area, area including holes, area excluding holes are available, 
as well as intercept distribution, free path distributions, and 
number of features larger than a given size. 


Consequently, image analysis of electron beam microscope 
generated images adds a variety of new measurements and 
capabilities to these already versatile instruments. For 
example, it is possible to perform measurements of the number 
of features larger than a given size, or the longest dimension 
of any feature in 100 milliseconds using the Bausch & Lomb QMS 
system. 


Most of the available measurements are either count, length, or 
area measurements on a two-dimensional image. These results may 
be processed using one of a number of different types of data 
processing techniques available with the OMS to provide derived 
information which may relate more directly to the specimen 
characteristics. Examples of these derived results are surface 
area of embedded features, volume of specific constituents, the 
isometry of the material, and size distributions of embedded 
grains, and So on. 


The basic technique used to generate these measurements is real 
time digital analysis of the binary signal which defines the 
boundaries of the features. This signal is derived by processing 
a video signal generated repeatedly by reading at high speed a 
stored image derived from the image created by the electron beam 
microscope. 
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The storage step is employed because the scan rate of the 
electron beam microscope is substantially slower than the 
speed at which the image analysis system can process the 
image. This discrepancy in the speed of the two systems is 
very large in the case of X-ray analysis. However, even for 
secondary electron images a considerable discrepancy may arise 
if the electron beam microscope is to generate video signals 
having the high signal-to-noise ratio required for accurate 
image analysis. 


The scan rate of an electron probe may vary over an exception- 
ally wide range. The extreme values being from 60 frames per 
second to 1 frame every 30 minutes, and with a number of lines 
varving from 250 to 1500. To store an image generated within 
this wide range formats involves a number of novel techniques. 


The image is stored by sampling approximately l-million points 
over the field. Depending on the frame rate, these sampling 
points may occur from 30-million per second to 50 per second. 

The sampling process therefore requires that the noise bandwidth 
of the signal in excess of the sampling rate be restricted to be 
compatible with the sampling bandwidth. The bandwidth reduction 
is implemented using a digitally controlled wide bandwidth filter 
prior to the sampling operation necessary for storage. Virtually 
no signal information is lost in this filtering process because 
the large number of sampling points ensures that the signal 
bandwidth does not exceed the sampling bandwidth. 


Another requirement in storing the image is that the storage 
system be able to compensate for non-linearities which may be 
inherent in the sweep generators and amplifiers of the electron 
probe. The image storage system compensates for these non- 
linearities by storing the video signal of each sampling point, 
at a location determined by the amplitude of the X and Y sweep. 


To operate the storage system, the operator presses a button and 
the next vertical sweep of the electron probe is stored. 
Immediately the storage is completed, the storage system goes 
into the read mode and an image appears on the QMS display at a 
high scan rate. This image is now available for image analysis 
by the operator, independent of the electron probe. Successive 
images may also be laid on top of each other and added or 
subtracted from each other. 


FIGURE CAPTIONS 


Figure 1. Examples of linear measurements available with 
the Bausch & Lomb OMS. 


Figure 2. Some of the types of counts available. 
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Quantitation of SEM and Electron Probe Images 
with the Quantimet 720 


R.A. Swenson, B.C. Partridge and 
R.H. Heil 


Quantitative image analysis techniques which were developed for optical micro- 
scope images have since been applied to many other fields. One of the most 
recent applications has been in the field of Electron Probe images. At the 
same time, new techniques have been introduced which permit methods of feature 
classification to be performed which are not possible for other types of image 
producing devices. The electron probe makes good use of image analysis since 
the techniques allow simultaneous processing of many probe signals, including 
X-ray signals for which processing rates may be used up to 1000 times faster 
than the usual photon limit suggests. 


The image analysis system utilizes digital scan drive circuitry to orthogonally 
scan the specimen. Precise differential and integral linearity is maintained 
throughout the resulting matrix of over 600,000 data prints. This factor lends 
itself ideally to SEM and microprobe image analysis, since this circuitry feeds 
from an image, requiring successive scans. It is essential to have positional 
reproducibility to accurately relate all data to respective features. 


One important recent Quantimet innovation in feature counting is the separation 

of the signal which defines the outline of the feature and the signal which defines 
the parameters by which it is to be classified. These signals may be derived 

from one video signal, e,g. cells whose outline is defined by a detected grey level 
and characterized by the area of their nuclei defined by another grey level. If 

an SEM is being used, the two signals may be derived from two video signals which 
are obtained from the specimen simultaneously. It is this technique which is 

the basis of the pattern recognition facilities now being developed. As a feature 
is scanned, associated parameters (A.P.'s) are computed and carried down the A,P. 
locus which follows the feature outline to the counting point (Fig. 1). The 
accumulated A.P.'s are released at the counting point and the feature may be 
identified by these parameters. 


Typical parameters which may be used for classification are area, perimeter, 
height and width. They may be used either in themselves, e.g. for a size 
distribution in terms of feature area, or in combination as form factors, e.g. 
Area/Perimeter*’ for segregating different shapes (Fig. 3). 


An important development of density classification is for x-ray signals on 

SEM's and micro-analysers, where the third dimension is the number of x-ray 
pulses per picture point and the classifying parameter is X-ray density. The 
signal defining the feature outline is a video signal obtained simultaneously, 
e.g. a specimen current signal. Features may be classified according to their 
composition, identified by characteristic X-radiation at speeds much higher than 
those normally associated with X-ray images. This is because if an X-ray image 


is being analysed alone, it must be used as a video signal where different 
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features are characterized by grey levels. This means that the scan speed 
must be slow enough to give typically one hundred pulses per picture point 
to build up a sensibly noisefree image. If, however, the feature outline is 
defined by another video signal, it may be classified by the X-ray density 
over the whole feature, (Figs. 1 and 2), and since the feature area will 
normally be thousands of picture points less than one pulse per picture 
point will be enough to give statistically the "correct" density over the 
whole feature. giving a potential speed increase of 1000 times. 
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Figure 1 


Gated X-ray counts for copper inclusions in a copper 
silver composition showing copper rich areas. The 
specimen current signal is used to define the features 
of interest and in which the X-ray count is desired. 
This photograph obtained directly from a microprobe 
analyser shows how background can be eliminated since 
only X-ray counts occurring within the boundaries of 
the features are considered. Each picture point can 
contain up to 7 X-ray counts. The total count is shown 
in the digital display. 
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Figure 2 


The same specimens as shown in Figure 1. The 
matrix background area in this case has been 
defined as the "region of interest" and only 
X-ray counts not occurring within the boundaries 
of the features are considered. Note the X-ray 
count. 
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Figure 3 


In a field containing a mixture 

of feature shapes, pattern recog- 
nition criteria may be used to select 
features on basis of their form. 
Area/Perimeteré has been used in this 
example to select only circles. A 

size distribution can then be performed 
on the separated features. 
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ELECTRON MICROPROBE AUTOMATION: X-ray Peak Location 


by 


F. Kunz and E. Eichen 
Ford Motor Company, Dearborn, Michigan 


With the exception of X-ray spectra studies pertaining to peak shifts due to 
chemical bonding effects(1-2), the general shape of the electron microprobe 

X-ray peaks has been of little concern to the analyst. However, recent advances 
in electron microprobe automation has brought about the need for algorithms 

so on-line computers can be programmed to automatically detect and position the 
spectrometers to the wavelengths of maximum intensity. As previously reported(3-4), 
X-ray peaks have been automatically located by retrieving the theoretical wave- 
length from a stored table of wavelengths (Ka, La, Ma) or calculating the theo- 
retical wavelength, correcting for spectrometer mechanical backlash, and moving 
the spectrometer 0.02 angstroms above the theoretical value. The spectrometer 

is then moved in 0.0002 angstrom steps across the peak recording the intensity 
and wavelength at each step. The maximum intensity is determined by the computer 
and its corresponding wavelength is assumed to be the peak location. Although 
this method is suitable for peak location, in actual practice computer core 
memory is used inefficiently and too much time is required (normally, 100 seconds 
for 200 steps). This paper describes an alternate method which reduces the 

total time from 100 seconds to just under 10 seconds without any appreciable 

loss in accuracyo 


The method consists of obtaining X-ray intensities at three equally spaced 
wavelengths as shown in Figure 1 which are used to form three lorentzian(5) 
equations (Equations 1, 2 and 3) and solved simultaneously for the peak wave- 
length (Equation 4). 
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where 
I, = peak intensity 
> = peak wavelength 
W = full width half maximum 


The use of the lorentzian to describe electron microprobe X-ray peaks has been 
reported previously by Colby(6). Alternate methods employing the three point 
parabola or gaussian can also be applied. The initial calculation uses the 
stored or calculated theoretical wavelength as the second wavelength, whereas, 
in subsequent iterations the calculated peak wavelength is used as the second 
value. In practice, three iterations (9 X-ray intensities) are sufficient 

to locate the peak. During the first iteration, AA is set equal to 0.5 x FWHM 
(75% maximum intensity) where FWHM (full width half maximum) was determined 
emperically prior to the calculation. The method of using the calculated peak 
wavelength in successive iterations has been previously applied by Wilson(7). 
AX is reduced by one-half in each iteration. Appropriate safeguards are written 
into the computer program so that if spurious counts are recorded and the peak 
is calculated erroneously, the program will be resequenced. The statistical 
error due to random counting statistics can be calculated, however, comparison 
of the calculated peak and the peak obtained by stepping indicates reproduci- 
bility to within + 0.0002 angstroms. 
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AN AUTOMATED CRYSTAL SPECTROMETER SYSTEM FOR 
QUALITATIVE MICROPROBE ANALYSIS 


by _ 
Eric Lifshin 
Materials Characterization Operation 
General Electric Corporate Research and Development 


During the past few years considerable emphasis has been placed 
on the use of solid-state X-ray detectors for rapid qualitative X-ray 
analysis in electron microprobes and scanning electron microscopes. 
Although their success is well deserved, it is clear to most instru- 
ment users that energy dispersion analysis complements rather than re- 
places conventional crystal spectrometers, which remain essential for 
the analysis of light elements, low concentration levels, chemical 
bonding effects, and most quantitative problems. In order to more 
effectively accomplish these tasks, the need for automated microprobe 
systems has been well recognized.l-5 This paper describes a crystal 
spectrometer automation system which couples a Cameca electron micro- 
probe, Canberra Datanim electronics, a GEPAC 30-2E minicomputer, and 
related software. 


As shown in Figure 1, a special multiterminal switching device, 
TRICOM, is used to interconnect the GEPAC 30-2E to either a teletype, 
a GE600 timeshared computer system, © or a Canberra model 6726 tele- 
computer interface. Programs written in GEPAC 30 assembly language 
can be stored, edited, assembled, partially debugged, and loaded into 
the GEPAC 30 using available software in the timesharing system. Once 
loaded, final debugging is done in the GEPAC 30 where working programs 
can be stored in core or on a 54K byte (8 bits) disc. 


The factors considered to be desirable in setting up an automated 
spectrometer system include: 


1. Optimization of the time spent collecting useful data by 
scanning only those wavelength ranges containing specific peak or 


background information. 


2. The development of a simple interactive procedure between 
the operator and the system. 


3. High reproducibility of results. 


4. Minimizing the operator interaction with the system. 
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5. Increased flexibility of qualitative analysis through digital 
step scanning and data recording, along with the development of 
associated programs for spectral analysis. 


6. Clear and concise methods of presenting the result. 


Figure 2 illustrates a typical interaction of the operator and 
the system. The computer first requests specific information, includ- 
ing spectrometer option, step scan range, increment size, and counting 
time. Elements to be analyzed can then be specified by entering their 
chemical symbols separated by commas. Ranges of elements can be 
specified by entering the chemical symbols of the extremes separated 
by a hyphen. In case of errors, specific control characters can be 
used to delete characters or lines. Incorrect element symbols are 
noted as such. Once the element table is entered, the computer 
sequentially looks up the appropriate spectrometer setting of each 
element , step scans through the peak starting at one half the range 
below the peak to one half the range above the peak using the selected 
increment size and counting time. The data is presented in digital 
form and can be plotted with labelled intensity and wavelength scales 
on a Calcomp plotter as shown in Figure 3. Simple procedures are 
available for spectrum stripping and evaluating whether or not a peak 
is statistically significant. 
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MICROPROBE ANALYSIS INTEGRATED 


AUTOMATION COMPUTER SYSTEM 


By 


J. W. Colby 


At previous meetings, systems have been described for automating microprobes, 
usually to do specific tasks. The system described here differs from many of 
its predecessors by virtue of being far more complete and being more generally 
applicable to routine microprobe analysis of many different types of samples. 
We have not only automated the spectrometer drives and readouts, and the 

stage, but also the baseline and windows of the pulse height analyzers, the 
accelerating potential, the grid bias, the filament control, and the condenser 
and objective lenses. We are also in the process of automating and controlling 
the vacuum system and the detector high voltage. 


The block diagram of the system is shown in the accompanying figure. At the 
heart of the system is a PDP-11 with 12K words (16 bit) of core, backed by a 
high speed disk having a capacity of 256K words. There are other peripherals 
also, suchas a high speed paper tape reader and punch, a write-only magnetic 
tape drive which is IBM compatible, a high speed line printer and a calcomp 
plotter, These are interfaced through a Canberra computer interface to 
Canberra electronics which drive and control the various operations on the 
microprobe. We have replaced our high voltage power supply with a CPS, 

0-30 kV power supply which is remotely programmable, and which was modified 
by CPS for us to also provide bias control. Our two lens supplies were replaced 
with KEPCO power supplies, which are also remotely programmable in a constant 
current mode. The detector supplies are being replaced with CPS supplies to 
be also controlled by the computer. 


Algorithms have been derived for completely controlling the gun and lens supplies, 
providing a stable beam current to the sample. Programs have been written which 
direct the operator through filament exchange and alignment. Once that is done, 
the high voltage is set, the bias is set, and the filament is saturated. The bias 

is then continually adjusted, if necessary, to keep the emission current constant. 
The condenser lens is similarly adjusted, if necessary, to keep the aperture 
(beam) current constant. Equations were derived and programmed to allow the 
computer to set any emission, beam or sample current desired for a given 
analysis, within the operating capabilities of the components. Each time the 
filament is saturated, the voltage required for saturation is sampled by the 
computer, and compared to the voltage required to saturate a new filament. 

From the percentage change in saturation voltage, the computer is able to 
determine the approximate remaining filament life, and suggest corrective 

action if warranted. As the computer changes accelerating potential, the beam 
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is automatically focussed, thus maintaining not only a stable beam current, but 
also a well focussed beam, providing, then, the ability to precisely control 
analytical conditions. 


Algorithms have also been developed for peaking spectrometers and for precisely 
controlling the stage. The pulse height analyzers have been programmed to 
sweep the baseline and window in synchronism with the spectrometers, thus 
precluding higher order interferences. 


Each function has been individually programmed as a sub-program, which may 
be invoked separately, or called by large programs. The large programs do 
specific tasks, such as qualitative scans, quantitative analysis, diffusion profile, 
wavelength step scans for chemical bond studies, etc. These large programs 
are, inturn, called by a supervisor program, which has the capability, then, 

to perform any type of analysis on any number of samples, or on the same 
sample. 


In use, the supervisor is invoked, and it interrogates the operator questions 
pertinent to subsequent analyses, and instructs him to locate the samples and 
standards under the cross hairs of the light microscope. The coordinates of 
each are read in and stored. This process is continued for the remaining 
samples, and finally, the computer is told to ''GO"'", Whereupon it finds the 
first sample, invokes the programs necessary to do whatever type of analysis 
it was instructed to do, and analyzes the data for significance. This process 

is continued for the remaining samples. Hence, it is obvious that the operation 
after the initial dialogue with the computer is completely automatic, and may 
be unattended. Hence, the reason for monitoring filament life, is to allow 

the computer to suggest that the filament should be changed if its predicted 

life is shorter than the total analysis time required for the unattended operation. 
Most of the decision making is done by the computer. Some of these algorithms 
will be described in more detail. 


Finally, it has been said by some that their particular operation does not lend 
itself to automation, because the samples and analyses that they do are all 
different. However, within the Bell System, we have analyzed all shapes and 
sizes of specimens from dust particles and wire to mounted metallurgical 
samples, and probably more elements than most other laboratories; yet, the 
automation is able to handle all of it with the exception of x-ray and electron 
current imaging, and we are working on that. 
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COMPUTER AUTOMATION OF AN ELECTRON MICROPROBE 
L. W. Finger and C. Hadidiacos 


Serious errors may result if an electron microprobe is used for quantitative 
analyses of chemically inhomogeneous materials. If the spectrometers are manually 
repositioned so that counts for all elements may be collected for a given stage 
location, it is extremely likely that spectrometer setting errors will result. 
Alternatively, the spectrometer positions may be held constant during the analysis, 
making it necessary to reposition the stage and measure the elements in sets. With 
an inhomogeneous specimen, the compositional errors introduced by the uncertainties 
in stage repositioning could seriously affect the results. A computer may be used 
to overcome these difficulties since it may perform error-free manipulation of the 
spectrometers; consequently, all elements may be measured without moving the stage. 
As an additional benefit, the computer can be programmed to perform nearly instan- 
taneous data reduction and correction procedures. 


We have automated our M.A.C. Model 400 electron microprobe using Canberra 
Industries interface and operational modules and a Digital Equipment Corporation 
PDP 11/20 computer. This system controls a drive motor and scaler/timer pair for 
each of three spectrometers. The addition of stage drive electronics is planned for 
the immediate future. 


One of the major difficulties associated with automated analysis lies in the 
control of the electron beam. The computer must be able to interrupt the beam upon 
command, yet the location at which the beam strikes the sample must be reproducible 
within a fraction of a micron. Manually operated probes use mechanical shutters 
that may or may not affect the beam position; in any event they are not easily con- 
verted to automatic operation. We have overcome this difficulty by inserting a 
motor driven shutter assembly into the path of the electron beam. This device is 
used as a beam current moniter as well as a beam-stop and its operation does not 
affect the position of the beam. Whenever the beam is interrupted, the current 
flowing from the graphite stop to ground is measured by a digital voltmeter which 
may be read by the computer. Since both this current and the counting rate are 
proportional to the electron beam current, it is possible to correct the data for 
beam current drift. This technique is somewhat more versatile than conventional 
beam-integrators because the entire electron beam is sampled - not just the currents 
at the edge of the beam. Although seldom necessary except for demonstrations, the 
data may be properly corrected for beam current changes as large as a factor of 10. 


The usefulness of any computer-controlled instrument is largely determined by 
the software. We have provided a set of routines which will allow the operator to 
perform quantitative analysis as well as service functions, such as spectrometer 
manipulation. 


We have designed our analysis routine to measure the complete chemical analysis 
of a single spot with the capability of calculating the average and standard devia- 
tion of the points measured for a single grain. The analyses are corrected using 
the method of Bence and Albee (1968) and the coefficients of Albee and Ray (1970). 
In addition, the program will calculate a chemical formula normalized either for a 
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given number of cations or oxygen atoms. To minimize the destructive effects 
caused by long exposure to the beam, several features unique to our system have 
been incorporated into the program: (a) the scaler/timer units are operated in 

the fixed-count mode with a maximum time override for low count rates, (b) the 
spectrometer channels are operated asynchronously, i.e. one unit may be driving 

to a new position while another is counting, etc., (c) the shutter is open only 
when at least one channel is counting and (d) the operator selects only the elements 
that he wishes to analyze. Operation in this fashion has imposed constraints on 
the hardware employed since each channel must have a separate timer and scaler. 
However, the software is much more affected by the independent operations of the 
channels since this requires a time-sharing monitor system. If a great deal of 
computer resources were available, a general purpose routine could be implemented; 
however, we use a limited capability system which unfortunately prevents the coding 
of programs in a high-level language - only machine language routines may be used. 
The disadvantage caused by the relative inflexibility of such a system has been 
partially overcome by preparing a routine which allows a program written in the 
BASIC language to communicate with the microprobe interface. This scheme is bene- 
ficial when special purpose measurements are to be made or new techniques are test- 
ed. 


The ultimate test for any computer-controlled instrument is its ability to 
provide results. For example, in an analysis of a clinopyroxene for nine elements, 
the time between the positioning of the stage and the completion of the printing 
of the corrected results (with mineral formula) was roughly 2-1/2 minutes. For 
this particular experiment, the scaler/timer presets were set at 20,000 counts or 
30 seconds. During a recent four-week period, our system was used approximately 
200 hours by 14 different operators, most of whom have extremely limited computer 
experience. The number of elements in their analyses ranged from 3 to 10; approxi- 
mately 10,000 elemental concentrations were measured. 


References 
Albee, A. L. and L. Ray (1970). Analytical Chemistry, 42, 1408-1414, 


Bence, A. E. and A. L. Albee (1968). J. Geol., 76, 382-403. 
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THE PROGRAM CYCLOPS FOR THE QUANTITATIVE ANALYSIS 
OF ELECTRON MICROPROBE X-RAY DATA 


& 
Henry R. Thresh 
Chase Brass §& Copper Company 


Ted E. Keller 
Case Western Reserve University 
Department of Computer Engineering 


The immense versatility of the electron microprobe analyzer confronts 
the analyst with developing the most reliable and rapid procedures 

in striving for an efficient instrument operation.This is particularly 
relevant for quantitative analysis where the means of proceeding 

from data collection to the final corrected data can be arduous and 
time consuming. Specifically, the minimum requirements for the 
evolution of an analytical method at the Casting Laboratory were 
considered to be, (i)alternative approaches of collecting machine data, 
(ii) the use of programmed spectrometers for multi-element coverage, 
(iii) means of identifying blocks of data at the collection source, 
(iv) a pre-correction scheme for raw data to derive corrected K ratios, 
(v) submit these intensity ratios to one of the many major correction 
programs now available [1], (vi) format verification to prevent comput- 
ation being jeopardized, (vii) plotting routines to allow immeadiate 
evaluation of some types of output data. 


This problem has been persued by, (i) embodying an encoder switch into 
the data output device to permit the operator to identify blocks of 
data at the teletype terminal, (ii) constructing the software CYCLOPS 
to handle data from several modes of analysis, utilize tagged data and 
and present pre-corrected K ratios to a major correction procedure, 
(iii) use of Calcomp plot routines to plot data such as step scan 
analysis into a meaningful format for rapid evaluation. Previous 
attempts at using the encoder switch concept for automated data acquis- 
ition have been made by Frazer et al. [2]; Fisher and Wickersty [3]. 


A code number is generated at the end of each line of data by incorpor- 
ating an encoder switch into the last collection position of the data 
translator on an ARL EMX-SM Microprobe. By using the three digits 
labeled NPROC (program procedure code), NEL (element number) and IND, 
control is exercised over the processing of the data by the program. 
Format verification and the use of certain values of NPROC permits 

the program to remove erroneous data. 


“This author is now associated with the Argonne National Laboratory 
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Computation procedures are divided into two sections (i) a prelimin- 

ary correction routine for converting raw data into K ratios by allow- 
ing cor the usual data collection factors such as dead-time, background 
and drift, (ii) a major correction scheme to remove the effects of 
absorption, fluorescence and atomic number due to the matrix. At this 
time a version of the program MAGIC III [4] is used for this purpose. 

By reducing data handling to the routine collection of raw data on 
paper tape and accessing this information to the computer with only 

a few cards to be punched, which describe the data and control the 
program, a greater utility of a microprobe operation can be established. 


The program CYCLOPS is written in Fortran V for the UNIVAC 1108 Multi- 
processor system and requires approximately 24,000 decimal words of 
core storage. It can analyze up to eight elements and a ninth by 
difference. It will accept up to 300 data points in either the point 
or stepscan analysis modes. As an alternative to the use of an en- 
coder switch, the above procedures are sufficiently flexible to 
permit a user to insert a special control character at the teletype 
prior to the collection of a set of lines of data, to simulate an 
encoder switch setting for these lines. Documentation of this program, 
including listings and two extensive analytical test problems for the 
point analysis stepscan modes, is now available[5]. 
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IMPROVED DECONVOLUTION TECHNIQUE TO STUDY 
ELECTRON MICROPROBE CONCENTRATION PROFILES 


by 


Z. Mencik 
Ford Motor Company, Dearborn, Michigan 


The resolution with which concentration profiles can be determined using an elec- 
tron microprobe is limited by the finite dimension of the volume taking part in 

the emission of the characteristic X-ray radiation. Knowing the size and shape of 
this volume through a determination of the so-called beam function (which is a 

trace across a sharp boundary of two dissimilar materials) makes it possible under 
certain conditions to derive the true concentration profile using a procedure known 
as deconvolution. This process, which is carried out mostly by Fourier analysis, 
has an operational limit given by the presence of noise in any real data. This 
need not be a serious obstacle if the width of the profile to be deconvoluted is 
much greater than the width of the beam profile. However, when these two become of 
comparable width serious difficulties are encountered. In the latter case the noise 
component becomes of greater importance with every increasing order of the Fourier 
coefficients which are operated upon in the Stokes(1) method, and the series has to 
be terminated when the level of the noise becomes significant compared to the signal. 
This termination will in turn result in serious oscillations. A procedure had been 
proposed, the sigma termination(2), which can remove the worst of the oscillations, 
put this happens at the expense of loss of detail, as is acknowledged in the 
literature(3). 


A procedure is proposed here which will improve the deconvolution of such profiles 
if properly applied. It consists in supplying by extrapolation the converging tails 
of the series of Fourier coefficients, the extrapolation being based on the trends 
observed in that portion of the series which is still relatively free of the noise 
signal. The assumption is used that the profiles to be scanned conform to profiles 
generated by diffusion from sharp junction profiles and as such do not contain peri- 
odic fluctuations of a period similar to those resulting from series termination. 
While the sigma termination removes the oscillations by damping the Fourier co- 
efficients at the expense of loss of detail, recovery of the higher terms by extrapo- 
lation on the contrary adds such terms as are necessary to remove the oscillations 
without loss of detail. This procedure consists of the following: 


1. Generating Fourier coefficients of an artificial sharp step profile 
placed with the discontinuity in the center of the period (also the 
experimental specimen scan is placed with its mid-point in the cen- 
ter of the period). 


2, Forming logarithms of ratios of the Fourier coefficients of the real 
profile to the coefficients of the step profile. 


3. Finding the first and second derivatives of this logarithm profile 
as a function of the length coordinate. 
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kh. Extrapolating the missing terms using the Taylor series and converting 
to the profile itself. 


The procedure is limited by certain provisos. For instance, the real profile to 
be deconvoluted must contain only one diffusion step; if more than one are present, 
each step has to be dealt with separately. Again, the first and second derivatives 
must be either negative or zero. 


Another procedure which can improve the performance of any deconvolution technique, 
if properly applied, is the use of an iterative procedure consisting of following 
steps: 


1. Convolution of a preliminary result of deconvolution back with the beam 
function. 


2. Subtraction of the convoluted profile from the measured profile. 


3. Deconvolution of the difference profile generated in step 2 with the 
beam profile. 


4, Adding this to the preliminary result as correction. 
In this way the inaccuracies of the deconvolution step are improved by iteration. 


Taking this procedure one step further, we can omit the first deconvolution by sub- 
stituting for the preliminary result an assumed concentration profile complying with 
whatever physical and chemical data are available about the specimen and the diffu- 
sion process which generated the specimen. Any inaccuracy in the choice of the as- 
sumed profile will be corrected in the iteration cycle. This procedure is especial- 
ly suitable if we have to handle a system having a discontinuity in the true concen-. 
tration profile such as the asymmetric profile resulting from the diffusion of a 
component from a fluid bath of constant composition into a solid. 


Both techniques mentioned here have been tested using computer generated model data. 
Deconvolution was carried out using the Fourier method; convolution needed in the 
above iterative process proceeded either through the Fourier method or directly using 
the equation for convolution 


Pd 
aca) [#226 dt 
- 00 


where z(x) is the convoluted profile, f(t) is the assumed profile and b(t-x) is the 
beam function. Integration was replaced by summation. The latter method is especial- 
ly suited for situations in which the beam function has to be assumed as changing in 
the close neighborhood of a composition discontinuity, due to the effect of the dis- 
continuity on the X-ray volume. This would essentially permit us to deconvolute with 
a variable beam function. 


Programs for the described techniques have been written in Fortran IV. 


1. Stokes A.R.: Proc. Phys. Soc. 61, 382 (1948) 
2, Moore L.: Brit. J. Appl. Phys. 2, 237 (1968) 
3. Gupta P.K.: J. Phys. D.: Appl. Phys. 3, 1919 (1970) 
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NONPARAMETRIC ANALYSIS APPLIED TO THE SEM AND MICROPROBE STUDY OF INDUCED-ARC AND 
RESISTIVE WELDS 


Arthur J. Saffir 

University of the Pacific 
2155 Webster St. 

San Francisco, Calif. 94115 


Donald I. Zenobia 
Precision Metallurgical Co. 
Millis, Mass. 02054 


Composite materials, such as precious metals bonded to base metal substrates, have wide 
application in the biomedical and electronic fields. These materials not only offer 
substantial economy compared to devices fabricated entirely from precious metals but 
also possess unique, desirable properties. However, the properties of the precious 
metal must not be impaired by a defective weld. This report concerns our studies of 
the two processes, currently used to fabricate composite electrical contacts, in 

which precious metal (Au, Ag, Ag-CdO) is welded to a base metal substrate by either 

an induced-are weld or a resistive weld. 


In the induced-are weld process, the components are held at a relative potential of 
10 to 100 volts. The components are allowed to contact briefly, 50 to 500 usec, per- 
mitting current to flow. They are then drawn apart in order to strike an arc. After 
arcing for 300 to 4000 usec, the components are forcefully driven together while the 
current continues to flow. In the resistive process, the components are brought in 
contact, a voltage is applied, and the current passing through the junction provides 
heat to form a weld. The service life of the induced-arc devices, exceeds 5x in cer- 
tain applications. Contacts obtained from 5 manufacturers, were mounted, sectioned 
and prepared for electron microprobe analysis. The electron microprobe revealed 
regions of diffusion ranging from 10 to 80 ym in width, by 20 to 200 um long at the 
weld interfaces of all specimens studied, Fig. 1 and 2. 


Quantitative analysis of the composition of diffusion zones was difficult to inter- 
pret because of the variety of precious metal components studied. On the other hand, 
because the location of the diffusion zones appeared to be sample dependent, the dis- 
tributions were studied statistically by means of Kruskal-Wallis analysis. This 
nonparametric analogue of one-way analysis of variance is widely applicable to non- 
parametric microprobe and SEM data. This technique, an extension of the Mann-Whitney 
‘test for two independent samples, tests several random nonparametric samples with the 
null hypothesis that all of the samples are derived from the same population. The 
requirement that the observations have rank order was met by assigning: a value of 1 
to welds with no observed diffusion zones; a value of 2 to welds with diffusion zones 
observed only at the periphery; a value of 3 to welds with diffusion zones observed 
at the center as well as the periphery. No welds were observed to have diffusion 
zones at the center without peripheral diffusion zones also. Analysis indicated that: 
diffusion regions were distributed throughout the weld interface in the induced-arc 
welds but were confined near the periphery of the resistive welds, p .99 (about 30 
times more diffusion zones were found in the central regions of induced-are welds); 
significant differences did not result from differences among materials (Au, Ag-Cd0 
welded to Cu) or differences among manufacturers (except differences related to 
which welding process was used). 


Studies of failed resistive welded contacts (none lasted more than 40,000 cycles) 
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proved informative despite the unavailability of comparative data on the induced- 
are welded contacts (none failed during testing which was terminated after 209,000 
cycles). Low magnification examination of failed contacts shows cracks propagating 
circumferentially with little evidence of bonding except at the periphery, Fig. 3. 
It is likely that failure initiated at the periphery of the weld and then propagated 
centrally and circumferentially. Higher magnification SEM and microprobe studies 
reveal microscopic silver-rich masses clinging to the copper substrate near the 
periphery of failed resistive welds, Fig. 4. Identified as diffusion zones, these 
masses are apparently responsible for bonding. 


It is concluded that: 
1. nonparametric analysis has wide applicability in SEM and microprobe 
studies 
2. diffusion zones are responsible for bonding 
3. resistive welds are bonded only peripherally 
4. under certain conditions, peripheral bonding is inadaquate 
5. induced-arc welds have diffusion zones distributed throughout the weld 
area 
6. it is likely that these widely distributed diffusion zones convey the 
characteristic ruggedness of the induced-are weld contact 
7. the severe performance requirement of electrical contacts and certain 
biomedical applications necessitate induced-are welds 


Accordingly, our continuing studies of biomedical applications are leaning heavily 
toward the induced-are process. The results of this work will be reported in a 
later communication. 
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Figure 3. The silver component of this resistive weld contact is seen to separate 
cleanly from the copper substrate below. The regions of adhesion seem to be limited 
to the peripheral parts of the welds. Note the small mass of material clinging to 


the copper near the edge (arrow). 


Figure 4. A small mass of material clinging to the periphery of a failed resistive 
weld is seen in more detail. 
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THE EFFECT OF CARBON FILM THICKNESS ON THE INTENSITY OF 
SELECTED Ka RADIATION 


James F. Villaume, Derrill M. Kerrick and 
Leland B. Eminhizer 
Mineral Constitution Laboratories 
The Pennsylvania State University 
University Park, Pennsylvania 16802 


A possible error in quantitative electron microprobe analysis arising from varia- 
tions in the thickness of conducting films has been the foreboding of several 
workers. To date the only quantitative estimate of the effect such variations 
would have on characteristic x-ray intensities is provided by Sweatman and Long 
(1), who have developed an equation which expresses the loss of x-ray intensity 

in terms of electron and x-ray absorption by the conducting film. The present 
study was undertaken to provide experimental data on carbon as a conducting film 
in microprobe analysis which could then be applied directly to practical situa- 
tions and to the evaluation of theoretical considerations of carbon as an absorber 
of electron and x-ray energy. 


Carbon film thickness was determined during evaporation using a Sloan Instrument 
Company thickness monitoring system, which is designed to measure film thickness 
as a change in the frequency of a crystal oscillator. With this instrument film 
thicknesses could be measured to an accuracy of +3% of the actual film thickness. 
By comparing several mounts of the same material with a constant film thickness, 
compositional variation was nearly eliminated as a possible interfering effect. 
Each mount was then coated with the desired carbon film thickness and the x-ray 
intensities of the various mounts compared to those of the same material with a 
reference carbon film thickness of 200 A, which was found to be the lower limit 
at which the carbon film would still conduct. The results of this study are 
presented in Figure 1. 


For each element shown on the graph the percent intensity loss for a particular 
carbon film thickness is given as 


ave. intensity for film thickness x 


100 - (100 x aye, intensity for a 200 A film thickness 


). 

Each data point in the tigure represents the average of some 90 intensity measure- 
ments; counting statistics suggest a reasonable error of 1% from the average 
intensity values given. Data points for a given radiation closely approximate a 
straight line relationship between the two variables as the linear correlation 
coefficients for all the lines are consistently above .95. Intensity loss at a 
particular carbon film thickness is independent of the concentration of the element 
being analyzed and with the exception of fluorine is given by the equation of 
Sweatman and Long (1). 


The data clearly show that in quantitative microprobe analysis as much as a 5% 
error will be introduced for certain elements as a radiation intensity loss when 
the difference between the carbon film thicknesses of sample and standard is 
between 200 and 400 A. For the purpose of monitoring carbon film thickness and 


thereby avoiding such errors the darkening of glazed porcelain and the identifi- 
cation of interference colors on a suitable substrate such as gold (see Table 1) 
are probably satisfactory when expensive electronic equipment is not available. 
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TABLE 1 


INTERFERENCE COLORS OF CARBON FILMS ON GOLD SUBSTRATE 


Approx. Thickness 


150 A 
200 & 


240 


Do 


Po 


350 


430 A 


From Bohler (2) 


% X-Ray Intensity Loss 


200 400 600 


800 1000 


Color 
Orange 
Indigo red 
Blue 
Blue-green 


Green-silver 


15kv Excitation Potential 


1200 1400 


Carbon Film Thickness (4) 


Figure 1 
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MIRROR-MODE ELECTRON PROBE MICROANALYSIS 
J. Ordonez and E. Brandis 


IBM Components Division 
East Fishkill Facility 
Hopewell Junction, New York 12533 


Subsurface chemical analysis, using the microprobe, is done by varying the accelerating 
potential of the electrons in the electron beam (1). The higher the accelerating potential, 
the deeper the electron penetration in the specimen. If this accelerating potential is varied, 
a concentration profile of a particular element in the specimen as a function of depth can be 
obtained. To do this, however, one has to realign the instrument to maintain the same beam 
current, specimen current, and beam size, every time the accelerating potential is changed. 
An alternate approach to this method is presented here. A negative potential is applied to 
the sample. This potential can then be varied while, at the same time, a potential on the 
anode plate and through the column is kept constant. Thus, one can obtain any desired ‘net' 
potential on the specimen. Furthermore, since no adjustments in the gun and column are 
needed, the beam and specimen current remain constant for a given net potential. 


A special specimen holder is used, This holder is completely insulated from the rest of 
the instrument (Fig. 1). 


Using this setup, x-ray intensities of copper from a standard were obtained at various ‘net’ 
potentials, Similar x-ray measurements were made by varying the anode plate potential. 
The results of these two measurements are shown in Table I. The difference in copper 
x-ray intensity obtained with those two approaches is negligible. 


Figure 2 shows the results obtained with phosphorus, from a sample containing a phosphorus- 
rich layer, in which these two techniques were compared. Varying the anode potential and 
the sample potential, the phosphorus x-ray intensity difference is insignificant. The decrease 
in x-ray intensity at about 8kV is due to the fact that beyond this accelerating potential the 
electron beam has penetrated the phosphorus-rich layer. 


To minimize the effect of sample topography on the electric field distribution between the 
sample and the objective lens, a metal diaphagm is placed on the holder which exposes to 
the electron beam only the area of interest in the sample. Primary beam deflections at 
various ‘net’ potentials were measured. Results are indicated in Table II. Since the x- 
ray optical setup in the microprobe allows a beam deflection of about 100p from the center 
point still remaining in the Rowland Circle, the beam deflections measured using this 
technique are within allowable tolerances. 
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For a sub-surface chemical analysis the specimen bias technique yields the same results 
as that of varying the anode potential. The technique is fast, requiring only a change in 

potential at the sample, and everything else remaining constant. If quantitative analysis 
is needed, standard correction factors can also be applied to this technique. 
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Fig. 1. Sample holder and circuit used. 
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e - Fixed kV at anode plate; Variable kV at specimen 


4- Variable kV at anode plate 
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Phosphorus x-ray intensity vs anode and sample potentials. 


TABLE 1. X-ray intensities. of copper at various potentials. 


Anode Potential Specimen X-ray Intensity 
[kv] Current [A] (cps.) 
15 10°° 475 
20 10° 2200 
30 10° 10150 


Anode Specimen 
Potential Potential Specimen Net 
[kV] {kV} Current [A] 
20 5 10° 15 
30 10 10° 20 
35 5 10° 30 


TABLE II, Electron beam deflection as a function of 'net' potential (anode potential 
minus sample potential). 


Sample 
Anode Potential Potential 
20 0 
20 5 
20 10 
15 0 
15 5 
15 10 
10 0 
10 5 
10 6 
10 8 


Beam 
Net Potential Specimen Deflection 
{kV] Current [A] [tm] 
x xX 
20 10° 0 0 
15 10° 5 0 
10 10° 5 0 
15 10° 0 0 
10 10° 5 2 
5 10° 5 2 
10 io° 0 0 
5 10° 15 10 
4 10° 20 10 
10° 20 15 


Potential [kV] 


X-ray 


Intensity 


(cps. ) 


480 
2250 
10200 
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Microprobe Technique for Determination of Thickness and Phosphorous 
Concentration of Gate Oxide Phosphosilicate Glass in FET Devices 


Giulio DiGiacomo 


IBM Components Division 
East Fishkill Facility 
Hopewell Junction, New York 12533 


This microprobe technique is capable of determining the thickness 
and phosphorous concentration of the phosphosilicate glass in FET 
gate oxide. The technique is equally applicable to wafers and 
devices. The latter application is unique since there is no other 
way , at present, to obtain this information on actual FET gates. 
In addition to the extended capability to real devices, this 
technique yields the phosphorous concentration with a precision 

of £0.1 mole %, about one order of magnitude better than that 
obtainable by the etch rate method. The oxide and phosphosilicate 
thickness are determined with a precision oft5 A, comparable to 
that achieved by ellipsometry, with the advantage of applicability 
to actual devices. 


The full characterization of the phosphosilicate glass (PSG) in terms of phosphorous con- 
centration and thickness requires the measurements of both phosphorous and oxygen char- 
acteristic radiations before and after a layer of the PSG is removed by etching. The 
removal produces X-ray intensity decrements of both elements proportional to the thickness 
of the layer removed and makes it possible, with the original intensity values, the calcu- 
lation of thickness and phosphorous concentration of the PSG and the total thickness of the 
gate oxide. 


An illustration of the principle of the microprobe approach appears in Fig. 1 which also 
defines the X-ray values measured and shows the thickness and concentration quantities. 
The proportionality constants between these quantities and the X-ray intensities have been 
determined experimentally utilizing samples of known phosphorus content and oxide thick- 
ness. When X-ray intensities are plotted versus phosphorous content and oxide thickness, 
straight lines result. For thin films, these relationships are linear at sufficiently high 


voltage. 


Figure 1 also shows that the electron beam penetration is about twice the thickness of the 
silicon oxide, The acceleration voltage of 5kv was found to give optimum sensitivity for 
both elements. At lower potential, the method becomes less sensitive to SiO, removals 
while attenuation due to carbon contamination becomes significant for both elements. Higher 
voltages curtail the sensitivity of Pp0, as a result of peak/background ratio. Figure 1 ex- 
hibits the initial X-ray measurements of both elements I} and Th. These two intensity values 
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when used in Figs. 2 and 3, respectively, yield the initial oxide plus PSG thickness, ti SiO» + 
PSG: and the initial phosphorous content in terms of thickness X concentration units, 


tpsa ° Sp 


After the X-ray measurement is completed, the wafers are etched to remove a layer of the 
PSG. Having removed parts of the, PSG, a second microprobe measurement is made for both 
elements. The intensities i Ip thus obtained are again used in Figs. 2 maar 3 to deter- 
mine the new oxide thickness, Sid, + Psq, and the new phosphorous content, thea ° Cy. 


From the above measured values, the thickness and phosphorous concentration of the PSG 
are determined by: 


i at S _A 
‘SiO, + PSG ‘SiO, +PSG Atsi0, +PSG “PSG? (1) 
rs oa © eae “Cc = At -C (2) 
PSG p PSG p PSG p’ 
a = A : 
r, AI, ce tosc C3 and (3) 
i te 2 A 
I, - I) I) co Aticg (C, known), (A) 
where a = phosphorous concentration and 
om = oxygen concentration. 


Dividing Eq. (8) by Eq. (4) 


I 
=P. = C ; (5) 
I, P 
b (6) 
c ~ tpsg > and 
p 
“psc 
= Thickness ratio. (7) 


‘SiO, + PSG 


Thus, measurement of both PSG thickness and composition are obtained with two microprobe 
measurements and only one etching operation. 


Figures 4 and 5 are the calibration curves used for the analysis of oxygen and phosphorous, 
respectively. As shown in the figures, ellipsometry and neutron activation are used to cali- 
brate the X-ray intensities of oxygen and phosphorous, respectively, 


Detectors 
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NON-DISPERSIVE X-RAY DATA ANALYSIS BY COMPUTER 
William G. Miller, Illinois State Geological 
Survey, Urbana, Illinois 61801 

Data derived from a non-dispersive X-ray analyzer attached to a 
scanning electron microscope are processed by a series of routines written 
in Fortran IV (level G) for an IBM System 360/75. The program is equally 
well suited for any spectral type of data produced by a multichannel analyzer 
or other equipment whose output is in a digital format giving occurrences 
against a constant interval (x-y plot). 

The output of the X-ray unit is the number of secondarily-emitted 
X-ray photons counted in each channel of a 1024-channel analyzer. Each 
channel represents a photon energy of 20 eV. These data are read into a 
Teletype machine, which produces a punched paper tape and a printed listing 
of the digital data. The paper tape is converted to punched cards on an IBM 
047 keypunch. These cards are the input to the program. The wiring diagram 
for the 047 program board designed to accept USAC II teletype code is available 
on request. 

The program provides elucidation of peak positions, as well as the 
maximum number of events for that channel and the integrated area under 
individual peaks. It also provides curve smoothing and background subtraction. 
The background due to both the randomness of the X-rays and that due to noise 
in the Si detector and associated electronics are removed. Up to six pre- 
determined spectra can be stored and later subtracted from the input data in 


order to remove unwanted peaks. 
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The program is designed for batch processing of many spectra 
to provide the most efficient use of computer time. However, as few as 
one spectrum can be processed, if so desired. The control within the 
program is determined by a control card, which conforms as closely as 
possible to the 0S/360 Job Control Language in order to eliminate con- 
fusion in the usage of the program. This type of control allows each 
individual spectrum to be treated in a different manner during batch 
processing. 

As written, this program will run equally well with on-line and 
off-line Calcomp plotters. User modifications are made easier through the 
extensive use of comments and the segregation of each function into well- 
labelled logical blocks. Common statements are used in order to conserve 
memory and to facilitate the transfer of data between the different sub- 
routines. 

The program produces Calcomp plots of the spectra, identifying 
each peak as to the element it represents and providing a camera-ready copy 
for reproduction or publication (Fig. 1). 

The length of the plot is automatically scaled to the number of 
points (channels) on the X-axis. The Y axis is normally eight inches long. 
The length of the plot can be set to any desired value for increased resolution 
by the use of a control card parameter. Through the use of another specified 
parameter, the plot can be scaled to fit a Xerox 7000 series reducing copier, 
which can then produce a handy 8% x 11 inch copy. The entire plot can be 
enlarged or reduced by any amount within the limits of the plotter by the 
use of a third control parameter. The plotting format allows the inter- 
changeable use of 12-inch and 30-inch plotter paper. An easily-read printed 
output is also produced, which lists the input data, the control statements, 
and their resulting flag values, along with the integration and peak determina~ 


tion results. 
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BACKGROUND SUBTRACTION FOR 
ENERGY DISPERSIVE XRAY SPECTRA 


J. C. Russ 
EDAX Laboratories 
div. of Nuclear Diodes, Inc. 
4509 Lindsey Drive 
Raleigh, North Carolina 


Spectra obtained by Energy Dispersive Analysis of Xrays (EDAX) with 
electron excitation contain background in addition to the peaks from 
characteristic photons emitted by the elements in the specimen. This 
background includes negligible contributions from such sources as 
cosmic radiation and spurious electronic noise pulses, but for the 
most part is due to photons of Bremsstrahlung from the specimen. This 
is the non-characteristic ("white") radiation generated by the decel- 
eration of electrons deflected by the electrostatic fields surrounding 
the atoms in the target. The general shape of the energy distribution 
of Bremsstrahlung is a function of electron energy, and the total 
intensity increases proportional to beam current and the average atomic 
number of the target. However, the energy distribution is modified 
significantly by absorption within the sample and thus becomes depen- 
dent on takeoff angle and target composition. Since the mass absorp- 
tion coefficients of different elements vary non-linearly with energy 
and change abruptly at the respective absorption edges, there is no 
way to use a general analytical expression for the shape of Brems- 
strahlung. In fact, this is not generally possible even between 
absorption edges. 


For quantitative analysis it is necessary to use the total counts for 
the element(s) of interest, subtracting the background underlying the 
peak. This is even more important for EDAX spectra than for conven- 
tional wavelength-dispersive spectra because the broader peaks cover 

a greater amount of background, often including an absorption edge 
either of the element itself or another element in the sample. The 
use of conventional background subtraction methods used in other 
fields (eg. gamma-ray or chromatographic spectra) is not satisfactory 
since these rely on interpolation or extrapolation of the background 
on one or both sides of the peak. These methods can rarely accomodate 
the non-linear shape of Bremsstrahlung and can never handle the 
discontinuities associated with absorption edges. It is the inaccuracy 
of these methods that has been primarily responsible for the cases of 
poor accuracy (especially at low concentrations) reported when using 
EDAX spectra for quantitative calculations. 


This paper reports a new and unique method of background subtraction 
that avoids this limitation and is therefore particularly well suited 
to EDAX spectra. It can also be used for other types of spectra 
having background resulting from other physical processes. Under- 
standing the method is facilitated by considering the EDAX spectra 
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in the frequency domain, in which it consists of four relatively 
distinct components: 1) the very low frequency continuously but 
non-linearly varying “overall” background; 2) intermediate frequencies 
from the characteristic xray peaks; 3) high frequency channel-to- 
channel fluctuations that result from the normal statistics of xray 
detection: and 4) ultra~high frequencies that result from the dis- 
continuous steps in background at absorption edges. Not all of the 
information on edges is at these ultra-high frequencies, but enough 

to adequately model the effect on peak intensities remains. Tech- 
niques using single windows to discriminate against high frequencies 
to eliminate noise are fairly common. Instead we selectively pre- 
serve components 2 and 4. As a fringe benefit this filtering 
technique also provides some smoothing of the spectrun, although not 
as much as can be obtained with different frequency filters or by a 
least-squares averaging method, There is also a modest but useful 
improvement in the resolution of overlapping peaks. These two factors 
enable the method to reveal peaks that are often not obvious in the 
original spectrum as shown in Figure l. 


The accuracy of the background subtraction is critical to obtaining 
accuracy in any subsequent Calculations. To evaluate the precision 
and reproducibility we measured 20 spectra from an alloy steel and 
calculated the coefficient of variation (standard deviation expressed 
as a percentage of the mean) for the total number of counts integrated 
in a window on the chromium peak before and after background sub- 
traction. The table below also lists the coefficient of variation 
expected simply on the basis of counting statistics. The increase 

in actual variation is not significantly greater than that expected. 


MEAN C.V.(%) STAT. C.V.(%) 
Before subtraction 173,393 0.65 0.24 
After subtraction 141,684 0.87 0.42 


To evaluate accuracy we measured a series of specimens with silicon 
in aluminum oxide in concentrations varying from 0.5 to 3.0%. The 
resulting plot of concentration vs. intensity (after background 
subtraction) is linear and intersects the origin within 0.01% which 
is less than the detection limit in this matrix. By comparison 

the use of a linear interpolation method using the background 

below the Al peak and above the Si peak overestimates the peak area; 
the I vs. C curve shows a residual error of 0.11% Al and also gives 
a poorer fit to a straight line. 


This background subtraction method is well suited to use in an on-line 
minicomputer, requiring about 10 seconds for a typical 400 channel 
spectrum. The same unit can perform the other necessary operations 
including spectrum stripping, peak integration and mathematical 
calculation of quantitative correction factors using a ZAF type model. 
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Figure 1. Spectrum before (dots) and 
after (bars) background subtraction. 
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Figure 2. Intensity vs. Concentration 
plots using conventional linear interpolation 
and new background subtraction methods, 
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MATHEMATICAL SMOOTHING OF X-RAY SPECTRA 
OBTAINED WITH SEMICONDUCTOR DETECTORS 


Michael W. Vannier and Lloyd V. Sutfin 


Children's Hospital Medical Center 
Orthopedic Research Laboratories 
Boston, Massachusetts 02115 


There are two sources of noise in x-ray energy analysis spectra: the 
statistical nature of x-ray production and ionization flucuations within the 
detector. This noise manifests itself as channel-to-channel variations when the 
spectra are accumulated in multichannel analysers. The effects of the channel- 
to-channel variation are particularly pronounced in spectra obtained at low count- 
ing rates resulting in relatively few counts per channel, as in the microanalysis 
of thin biological specimens. 


The removal of this statistical noise component simplifies later 
processing and improves the limitations on the degree of resolution enhancement 
that is possible. The first and higher derivatives are very sensitive to noise 
fluctuations present in the raw spectrum, and small peaks may be indiscernable in 
the presence of noise if the peak locations are found by inspecting the first 
derivative. 


Several methods have been used to smooth gamma ray spectra prior to 
spectrum decomposition. The least squares fitting of a polynomial to the spectrum 
and recalculation of the spectrum by weighted averages has been used extensively in 
data smoothing (1,2). More recently, Grosswendt (3,4) introduced a modification to 
this procedure which takes into consideration the behavior of the spectrum between 
the sampled points. Inouye, et al. (5) have used digital band pass-filtering of the 
Fourier transform of the spectrum to remove the frequencies most associated with 
noise. The value of these frequencies is determined by the energy calibration of the 
spectrometer. Golay (6) has shown the equivalence of data smoothing by least squares 
procedures and by digital filtering in the limiting case. 


According to the central limit theorem (8), the distribution of the sum of 
n independent random variables approaches the Gaussian distribution for n sufficiently 
large. Applying this theorem to the generation of x-ray fluorescence spectra, we 
would expect the noise intensities to have a normal distribution centered at zero (7). 
In order to quantitatively estimate the effectiveness of the various smoothing 
techniques, we have obtained the mean, standard deviation and probability distribution 
of noise intensities removed from the raw spectra. (Noise removed is found by sub- 
tracting the smoothed result from the original spectrum.) In addition, the centers 
and areas of peaks as well as the total number of counts in the spectra were monitored 
to detect changes due to the various smoothing techniques. Also, the first difference 
for each spectrum and its smoothed counterpart were calculated and the number of 
maxima and minima in the spectrum (noted as points where the first difference changes 
sign) were determined. Excluding the presence of peaks due to sample composition, the 
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number of such points is directly related to the noise content of the spectrum. 


The results of this study indicate that for noisy spectra the Fourier 
transform technique for statistical noise removal may be superior. However, the 
proper smoothing filter function must be chosen. Significant losses in resolution 
can occur using the least squares techniques, especially if the raw spectrum is very 
noisy, and the amount of noise left in the spectrum is usually greater. However, for 
spectra which are relatively noise free, i.e., when count rates are high 
and peak and peak/background values are favorable, both techniques approach each 
other and the least squares technique may be preferable since it is more easily 
implemented and is suitable for use with the small dedicated computers being used 
more and more frequently in microanalysis. 
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AN APPROACH TO QUANTITATIVE SEM _ ANALYSIS 


H.P. Hotz 


Qanta/Metrix Division 
Finnigan Corporation 


Sunnyvale, California. 


When an energetic electron within a scanning electron microscope (SEM) or 
microprobe enters a sample of matter a number of processes can take place in order 
for it to slow down and stop. The more important of these are bremsstrahlung, 
the loss of energy by radiation as a result of acceleration, and electron ejection 
resulting in the production of x-rays. If only these primary events took place, 
the emitted intensity of characteristic x-rays would be exactly proportional to 
the concentrations of the elements present. However, secondary processes are 
important and the resulting interrelations are mathematically multiply connected. 
Consequently a description of the probability of the radiation of a photon of a 
given energy into a detector in terms of fundamental processes is possible only 
by means of models or by a Monte Carlo calculation scheme. Either way, the result 
is that the intensity of characteristic x-rays is given as a complicated function 
of the concentrations and the flux in the incident electron beam. A large number 
of computer programs have been developed for calculating these intensities. In 
application, one measures the intensities and wishes to calculate the concentrations. 
This is done by iteration; a set of concentrations are chosen and intensities 
calculated, which are then compared with the experimental ones and the trial con- 
centrations corrected and the whole process repeated until one is satisfied with 
the result. A successful procedure converges to the correct answer. 


Present reduction programs have generally been written for use with electron 
microprobes and goniometer-diffraction-spectrometers. AS long as a line unambig- 
uously belonging to each element is resolved by a solid state detector, these 
programs should be equally applicable to data obtained with a solid state detector 
and an SEM. The solid state detector makes possible a great reduction in the 
required electron beam current and more rapid data accumulation. The geometry 
in a SEM - solid state system is different from that in a microprobe. 


It has become common to use small dedicated digital computers to process and store 
the photon spectrum as it is acquired by a solid state detector attached to a SEM. 
One naturally expects that it may be possible to use this same computer to make 

the concentration calculations. A little arithmetic quickly shows that this 
expectation is not as likely as one might expect due to the large size of existing 
microprobe reductions programs. However, further examination shows that by elim- 
ination of data relating to elements not presently under consideration and by 
efficient programming, the reduction is possible and the Qanta/Metrix KOREX program 
is a successful result. 
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The KOREX program is another example of fluorescence, absorption, atomic 
number correction schemes. The iteration scheme suggested by Criss and Birks a 
is used. 2 Backscatter is determined by a polynomial fit to the values of Duncomb 
and Reed,”" The primary radiation is calculated by the method of Philibert and 
Tixier. >: Absorption is taken into account using the model of Philibert4. except 
that the geometry is adapted to the SEM situation. This point will be discussed 
in more detail. Fluorescence by characteristic lines makes use of Castaing's 5. 
equation except that for programming convenience a weight factor is added to allow 
use of any characteristic line in the analysis. No correction is made for fluores- 
cence caused by continuous radiation since this is expected to be small. 


One notes that the resultant mathematical structure is quite complex and since 
approximate models are used in deriving it, its success can be regarded as an 
empirical fit to the experimental situation. Thus additional corrections having 
a similar mathematical form or effect are not needed if the calculation is standar- 
dized against a known sample. For this reason KOREX is designed to use a standard. 
This procedure avoids any uncertainties in absolute detector efficiency, additional 
absorbers in the x-ray path, and absolute beam current. In addition the method can 
result in higher precision since standards close in composition to the unknowns may 
be used. Reproducibility is determined by counting statistics in taking the data 
and not by the reduction method. Experimental tests of the KOREX program will be 
presented. 
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Escape Peaks in Si(Li) Detectors* 


John B. Woodhouse 


Materials Research Laboratory 
University of Illinois, Urbana, Illinois 61801 


Calculation and experiment indicate that the escape peak associated with any 
monochromatic radiation detected in a lithium drifted silicon detector is never 
greater than 1.5% of the main peak intensity. The relation between the counts 
recorded in the escape peak, I_, the main counts, I_, the K-shell fluorescence 
yield, w,, the K absorption edge jump ratio for Si, r, the absorption coefficient 
for the monochromatic radiation in Si, Hy? and that for Si Ka radiation in Si, 


u_, is 
e 


(r-1) {1 18 


5 oe z a log(1 + a)} 


where a = Wo/Hes 


Experiments with a commercial Energy Dispersive Spectrometer, having a 
lithium drifted silicon detector, mounted on a scanning electron microscope 
and using a series of pure element samples to produce a range of monochromatic 
wavelengths, gave data in fair agreement with the calculated curve. 


Low energy lines were difficult to use in these experiments because of the 
rapidity with which the background varies at energies below about 3 keV. 


The calculated expression should also be applicable to lithium drifted 
germanium detectors in which the escape peaks are expected to be much greater 
than those found in Si(Li) detectors because of the higher value of the 
fluorescence yield of that element. 


The accompanying figure gives the curve for Si(Li) detectors calculated 
from absorption data due to Heinrich (1) and using 0.035 for the fluorescence 
yield of Si, a value derived from Fink et al.(2). 
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A METHOD FOR THE AUTOMATIC LOCATION AND IDENTIFICATION 
OF PEAKS OBSERVED IN ENERGY DISPERSIVE X-RAY SPECTRA 


Ted E. Keller 
Case Western Reserve University 
Department of Computer Engineering 


Henry R. Thresh* 
Chase Brass 4 Copper Company 


I. INTRODUCTION 


The rapid development of Si (Li) detectors has provided the microprobe 
analyst with the capability of collecting large quantities of spectral 
data in comparison with the output of wave length spectrometers. This 
situation creates an imbalance between data collection and interpretation, 
if manual inspection of recorded spectra is used in conjunction with an 
energy table of selected X-ray emission lines. Therefore an automated 
approach is often desirable. 


The initial part of spectra interpretation is concerned with peak loc- 
ation. Several algorithms are available in the literature which can be 
applied to this problem. In this work we considered three basic 
algorithms which are (i) determining the peak positions by the changes in 
slopes between data points accounting for the Statistical uncertainty of 
the background as related to an emerging peak [1], (ii) mathematical 
smoothing of the spectra and interrogation of the smoothed data for 
changes in slope [2], [3] and (iii) a cross-correlation technique which 
finds an assumed structure, such as a peak, within the spectra [4],[5]. 
Once this peak position is found, irrespective of the method used, an 
energy equivalent is derived from a calibration routine used in conjunc- 
tion with an appropriate energy table. We selected the cross correlation 
technique for application to this problem. 


II. MATHEMATICAL CONCEPT 


The correlation function can be defined [4],[5] as follows; 


T 
C(t.) = uncon)? | f£(t)g(ttrt)dt 
T > & - 


*This author is now associated with the Argonne National Laboratory 


80B 


where f(t) is the functional form of the structure to be isolated, g(t) 
is the spectra detected and is assumed to be of the form g(t) = a f(t)+b 
where a and b are constants. In a practical situation one realizes (i) 
the data collected is discrete rather than continuous, (ii) the limit 
condition will have to be relaxed, and (iii) the integration must be 
approximated by a summation. The correlation function can now be approxi- 
mated by: 
n-1 
C(t) =}y f(t)g(t+r) 


t=0 


such that n defines the number of data points i.e. channels. In general, 
f(t) will only be significant over a few channels therefore it is con- 
venient to define a 'window' width M to encompass the significant channels. 
To correctly apply this technique to energy peaks, f(t) must assume the 
functional form of the structure it is to locate in the spectra (a gausian) 
and a background must be subtracted from the data. As suggested by Black 
[4], this background can be approximated by: 


_yttM-1 
A(t) =M°~ BY g(i) 
1=t 


To permit one standard deviation (lo) of statistical fluctuation, the 
background to be subtracted will be B(t) = A(t) + VA(t). The correlation 
function then becomes in its final form: 


M-1 


C(t) "25 F(t) [e(tes) Br] 


This function will produce a positive correlation only in those areas 
where a peak exists, and negative correlation elsewhere. The peak 
positions may then be determined by examining the maxima of the positively 
correlated spectra and converted to an energy equivalent to be compared 
with suitable energy table. 


III. PROGRAM DESCRIPTION 


The program is written in FORTRAN V for the UNIVAC 1108 multi prossesor 
system. At the present time, the program requires approximately 4K core 
storage. The program can handle spectra containing up to 50 peaks, 
returning a list of elements which occur within a specified energy width 
of the peak position. Energy library of the elements is sufficiently 
flexible to permit revisions to suit users needs. The program is con- 
trolled by a set of instructions allowing for, (i) automatic calibration, 
(ii) in-line documentation, (iii) processing with optional table listing 
and plot of the original spectra. 


IV. CONCLUSIONS 


This program has been found to be a powerful procedure in the rapid 
interpretation of large volumes of spectral data. However, the analyst 
should exercise caution in the area of trace elements and completely 
overlapping peaks. 
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THE RAPID IDENTIFICATION OF 
MICROCONSTITUENT PHASES IN COMMERCIAL SILICON 


Arnold F, Kolb, Microscopy Laboratory, Dow Corning Corporation 
Donald R, Beaman, Microscopy Laboratory, The Dow Chemical Company 


The synthesis of methyl chlorosilanes is based on the direct process 
fluid bed reaction of powdered silicon with methyl chloride vapor 
above 300°C. (1) Some elements present as impurities catalytically 
affect the nature and extent of reaction. (2) The purpose of this 
study was to learn how these elements may be recognized, and to 
determine how they are associated with each other as intermetallic 
compounds in the solid silicon. 


Optical Tdentification of Phases 


Microconstituent phases in silicon were characterized microscopically 
by their reflected polarization colors and extinction angles using 
tungsten illumination. The color and intensity of the intermetallic 
compounds were observed with and without crossed polars at various 
positions during microscope stage rotation, Tentative classification 
into four principal groups of intermetallic compounds was made. The 
inclusions in the silicon matrix were photographed to provide a 
record of their location and appearance for subsequent electron probe 
examination. 


Figure 1 illustrates, as an example, one of the inclusions analyzed 
with 15 phases identified as to their location in the inclusion, 
Using reflected light with slightly uncrossed polars, the various 
crystalline phases present are shown, Color photomicrographs illus- 
trating the appearance of these phases under reflected polarized 
light will be shown, The characteristic polarization colors and 
optical features of the phases found in silicon are sometimes appre- 
ciably dependent on the presence of minor constituent elements, The 
electron probe was utilized to ascertain this dependence. The optical 
characteristics upon which this classification was based, and the 
elements contained in each compound determined with the aid of an 
energy dispersive spectrometer, are shown in Table l. 


Qualitative Tdentification of Phases 


To establish with certainty the chemical identity of the optically 
recognized phases in these inclusions, the optically analyzed samples, 
with their inclusions, were subsequently analyzed in the electron 
probe. Using Nomarski interference contrast microscopy, the phases 
are visible by their polishing relief features, as shown in Figure 2; 
and phases representative of the four component groups of Table I are 
indicated. For each optically identified phase in each inclusion, a 
photograph was made of the x-ray energy spectrum of that phase, using 
an energy dispersive spectrometer (EDS). Some phases not subjected 

to optical analysis were identified with the EDS. There were 13 
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general phase compositions found, and they contained the following 
combinations of elements: 


AlSiFe* SiFe* AlSiFeMn AlSiCa SiTiVCrFeMn Al1SiFeNi 
AlSiFeCa* SiTiVFeCr* SiTiVFe TiSiFe Al1SiFeCaNi AlSiFeNiTi 
*Denotes optically characterized phases. A1TiFeNiCu 


From the energy spectrum data it was observed that two phases, which 
by optical data appeared only slightly different, did vary in their 
chemical composition, Qualitative energy data indicated that one of 
these phases consisted of AlSiFeMn and the other was AlSiFeCa, indi- 
cating Ca and Mn substitution in this compound are not distinguishable 
from each other optically with sufficient reliability. 


Quantitative Analysis of Phases 


The largest and most representative phases were quantitatively ana- 
lyzed with the wavelength dispersive spectrometer. The exact location 
of the probe spot is shown in Figures 1 and 2 by the carbon contamina- 
tion spot on the inclusion phases, The quantitative data shown in 
Table II were obtained from the x-ray intensity ratios using the 
Duncumb and Reed atomic number correction, (4) Duncumb and Shield's 
absorption correction (5) Heinrich's o value, (6) and the Reed char- 
acteristic fluorescence correction, (7) Only one of the compounds, 
SiFe, did not meet the normal standards for quantitative reliability. 
The quantitative results are satisfactory in view of the small size of 
some of the particles. The combination of optical polarized light 
characteristics and the photomicrographs of the inclusions, together 
with the energy spectrum data and quantitative probe results, has made 
possible an accurate correlation between optical appearance and chemi- 
cal composition. Thus rapid visual identification of the principal 
microconstituent phases in commercial silicon is now possible. 
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TABLE IT. QUANTITATIVE ANALYSIS OF INCLUSIONS BY ELECTRON PROBE* 


Inclusion Al** Si Ca Ti Vo Cr Mo Fe Ni Total 
A 26,9: S155 292 97.6 
B S21 522 6,2 34.8 96,3 
C 41.6 49.5 91.1 
D 46.0 40-8 del “4.35 023° 16.5 99.0 
E bees Od Ayo Bled Ont (30n7 97.9 
F lige TiO. NOS5-- 2059 Dine 100.7 
c lig k 10.4 35.4 1.8 98.7 
H 332. S520 (25.8 94.2 
an ely *32,9. "6,2 35.2 2.0 100.4 
J 44,2 17.4 0.5 32.2 4,2 98.5 


¥Eo = 15 KV, py = 18° 
x*Weight %, corrected 


Figure 1 Figure 2 
Inclusion in Silicon - 250X Inclusion as in Figure 1 - 400X 
Differentiation of Phases with Location of Analysis Points and 
Reflected Polarized Light Principal Phases 
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Retrospective Identification- 
The Analysis of Microspheres 


H. Edward Mishmash 
3M Company, Saint Paul, Minnesota 


A long existing problem that has confronted anyone who desired 

to tag a material is that there has not existed a satisfactory 
non-radiotracer type method. In some specific cases, addition 

of small amounts of a non-contaminating material, such as a metal 
oxide, to a product has worked to a degree. However, in most 
applications this has been extremely limited because the level of 
the tracer needed was either prohibitively high or ruined the 
product. Also, this type of coding is quite limited with respect 
to changing of tagging elements and their concentration limits. 


A system of tagging has been developed, using the analytical 
capabilities of the electron probe, that can be useful for a great 
many applications and avoid the above mentioned problems. The 
technique is based on the fact that microspheres can be made and 
coded with varying known compositions and concentrations of several 
elements; and small amounts of these beads can be added to a 
material or product. By changing the bead composition, the material 
can be identified, by analysis of the spheres, as to its source and 
time of manufacture. 


The entire system is hinged on the ability to perform a satisfactory 
analysis on perhaps a single spherical particle in the 30-100u 

Size range. It is obvious that the instrument of choice is the 
electron probe; a MAC 400 was used in this work. One of the 
preliminary areas of possible application that was studied was 

that of explosive tagging. For the system to be useful for this, 
the microspheres had to be able to survive a blast and be 
recoverable without an excess of tedious preparation. 


Figure 1 is a scanning electron photomicrograph of a typical ceramic 
microsphere that has been recovered from a test explosion. There 
has been a slight amount of injury to the sphere, but it is still 

in good shape for analysis. 


The technique for recovery and isolation of the microspheres is 
relatively simple. In the case of the explosive study, a large 
amount (up to several pounds) of debris is taken from the blast 
site. This is first sieved through screens and the material in the 
appropriate size range is saved. The beads are made of high density 
materials so that after washing with water and drying, the remainder 
of the residue is floated away with methylene diiodide, which is a 
liquid having a specific gravity high enough to float most silicious 
material. From the remaining material, which is then dried, the 
spheres can be removed and mounted on an adhesive coated slide for 
analysis. 
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Figure 2 shows how these appear under the microscope in relation 
to other particles of similar density. Microspheres from ten test 
explosions have been examined and identified according to the 
coding elements, with the bead concentration of 1 part per 1000 

in the explosive. The exact concentration of the spheres in the 
debris is not known of course, but it has to be extremely low. 
This points out the advantage of this system in other applications 
which can only tolerate a slight tagging addition. 


There are two alternatives available with regard to the electron 
probe analysis, those being the choice of a strict quantitative 
analysis or a comparative semiquantitative method. The comparative 
method, with corrections only being made for background, was chosen 
for several reasons, one of them being the ease of analysis. There 
are several million different combinations available by varying the 
minor percentage coding elements in the bead matrix in steps of a 
factor of two and under these circumstances a semiquantitative or 
comparative analysis only are needed. Other problems such as those 
associated with standards, any manufacturing inconsistencies, and 
different electron probe variations would also be minimized. 


Three additional possible problem areas had to be studied to be 
certain of the validity of this sytem; homogeneity, concentration 
gradients among lots necessary for no possible inconsistencies, and 
the reproducibility or accuracy of analyzing a spherical particle. 
The major concern was over the last problem and Table I shows the 
results of these studies. In brief, the homogeneity of the beads 
appears to be satisfactory for good analysis, concentration 
gradients of a factor of two are more than adequate, and the 
reproducibility is essentially the same as that obtainable with 
mounted and polished samples which provide a flat surface normally 
required for electron microprobe analysis. 


Although this study mentions the results from the explosive 
investigation, the applications of this technique are certainly 
not limited to just that problem. A few other areas that might 
have possible use include drugs, paint, tax stamp adhesive, gun 
powder, synthetic base materials and other "self-detective" 
applications. This technique utilizing the electron probe can 
provide a manufacturer or government agency with a way to tag a 
material and have positive proof of its origin or use. 
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Figure 1. Scanning electron micrograph of 
microsphere recovered from explosion. 900X 


Figure 2. Optical micrograph of microspheres 
recovered from test explosion. Irregular 
shapes are particles of similar density. 
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Analysis of Microspheres 


Bead Composition(%) 


Bead Lot #1 Bead Lot #2 
TiO, 96.7 91.9 
Zn eck oz 
Sr Dee Zu 1 
Zr 1.0 Ze5 
Cd 1,3 
Ce 2.0 
Analysis of Beads for Zirconium 
1 Bead 10 X 10 Beads 1X 
Unpolished 
Bead Lot l v = 5.63 v = 11.01 
X = 365(338- 380) X = 386(352-448) 
Polished 
v = 6.21 v = 6.26 
x = 368(337-401) xX = 365(338-401) 
Unpolished 
Bead Lot 2 v = 2.37 v = 3.03 
X = 907(883-941) X = 1122(1085-1167) 
Polished 
vy. = °S3.21 v = 4.03 
X = 941(899=975) X = 884(845-903) 
Analysis of Beads for Zinc § Strontium 
Zn Sr 
Bead Lot 1 v = 4,87 v = 5.76 
X = 889(833-939) X = 290(274-313) 
Bead Lot 2 v = 6.79 v = 8.64 
X = 1760(1566-1872) X = 272(249- 306) 


Data corrected for bkgd only. 


25KV @ .O0lpA, 100 sec. counts 


v = 100 (x=5)* 
x n-1 
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NbC MICROPROBE REFERENCE MATERIALS - AN EFFORT IN DEVELOPMENT 


Fred W. Postma, Jr. 
James E. Ferguson 


Union Carbide Nuclear Corporation, Development Division 
Y-12 Plant 
Oak Ridge, Tennessee 


The need for homogeneous, well-characterized standards among the 
metal carbides has become apparent as the non-stoichiometric nature 
of these materials has been realized by the Y-12 Plant Microprobe 
Laboratory in its search for NbC, 99. 


Four materials were provided by Source A having chemical compositions 
reported as shown in Table 1. For reference, Table 1 includes the 
stoichiometric compositions for NbC and Nb2C (NbCg_ 5) with the Y-12 
Plant microprobe analyses of the four materials. The microprobe 
analysis of carbon in the Source A materials was not attempted using 
a 100 percent carbon standard due to the uncertain absorption coef- 
ficient. 


The reference materials from Source A were synthesized by arc melting. 
From many hundred microprobe measurements on these materials over a 
period of months their inhomogeneity was observed to be < + 0.2 weight 
percent o with an X-ray spot diameter < 1.3 micrometers. This precision 
was obtained by operating the analyzer within the region over which 

the instrument variations were normalized. This normalized condition 
was obtained by accumulating counts for fixed beam current with a 
specimen current on NbC, of approximately 50 nanoamps at 20 kilovolts. 
If this total variation were assumed to be analysis variation, then the 
worst case limit of precision for the analysis of samples would be 

+ 0.2 weight percent. 


Unfortunately, the chemical analyses provided with the Source A reference 
materials appeared to be in error for the NbCo 9g material. This error 
increased the imprecision of analysis for a single measurement, when 
using the standard curves obtained from these four materials, to o = + 
0.8 weight percent for niobium and o = + 0.4 weight percent for carbon 
(Figure 1). 


83B 


Reference materials for NbC, were obtained from two additional sources 
(B and C) and were analyzed as samples using the standard curves from 
the Source A materials. Though the microprobe results (Table 2) were 
in good agreement with the Source B and C values provided, lack of 
chemical analysis prevents the use of these materials as standards for 
quantitative microprobe analysis. Finally, in an attempt to obtain 
NbC, reference materials with firmly established chemical values, 
several NbC, materials were prepared at the Y-12 Plant by vapor 
deposition. 


Three of these materials, having inhomogeneities < + 0.1 weight percent 
in excess of the instrument imprecision, were selected for complete chem- 
jcal characterization. Six replicates of each material were analyzed for 
niobium, total carbon, and free carbon (from which combined carbon was 
obtained). The materials were examined by emission spectrography for 
trace impurities. Since the range of the chemical analyses approximated 
that of the microprobe measurements, these materials should constitute 
well-characterized reference materials (Table 3). 


Acknowledgements: 
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Westinghouse Astronuclear Laboratory 


The Y-12 reference materials were synthesized and made available by 
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Table l 
COMPOSITION OF SOURCE A REFERENCE MATERIALS 


cee er LR A EL a 


Material Weight Percent 
Nb C 
Theoretical | Chemical Microprobe Theoretical! Chemical 

NbCo. 50 93.9 

NbCo 75 91.2 90.8 91.4 + 0.22) 8.5 
NbCo. 82 90.4 90.3 90.2 + 0.2 8.9 
NbCo, 90 89.6 89.6 89.2 + 0.1 9.8 
NbCo_ 98 88.8 88.8 89.6 + 0.2 11.1 
NbC1. 00 88.6 


(1) Source A analysis 
(2) Standard Deviation for the average 
(3) Calculated using MAGIC by Colby 
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Table 2 
RESULTS OF ANALYSIS OF SOURCE B AND SOURCE C REFERENCE MATERIALS 


Material Weight Percent 
Microprobe Analysis Against 
Source A Reference Materials 


88.87 (2) 
88.55 + 0.6(3) 


0.10) 
+ 0,10) 


I+ 


fo 


(1) Standard Deviation (0). Accuracy unknown. 

(2) Value obtained by difference from weight gain attributed to carbon 
during synthesis. Starting materials for synthesis verified to be 
of high purity by chemical analysis. 

(3) Value provided by electron microprobe analysis of seven independent 


laboratories. 
Table 3 
Y-12 REFERENCE MATERIALS 
Material Weight Percent 
Chemical Analysis Standard Deviation of 
(Avg. + a) Microprobe Analysis (oc) 
Nb* 
V + 0.2 + 0.6 
+ 0.3 + 0.5 
Y + 0.3 £0.5 
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5, 400 © Occasion 1 
O Occasion 2 
4 Occasion 3 


8.4} 8.6 8.8 | 9.0 : . W.O TT. 
NbC 0.75 NbC 0.82 NbC 0.90 NbC 0.98 


Carbon (wt %) 


62, 600 


© Occasion | 


QO Occasion 2 


& Occasion 3 


Net Counts 


88.8 89.6 90.2 90.8 
NbC 0.98 NbC 0.90 NbC 0.82 NbC 0.75 
Niobium (wt %) 


FIGURE 1. NIOBIUM AND CARBON ELECTRON MICROPROBE 
CALIBRATION USING SOURCE A REFERENCE 
MATERIALS _ 


AUGER ELECTRON SPECTROSCOPY 
IN A DIFFUSION PUMPED SEM 


E. K. Brandis and R. A. Hoover 
IBM Components Division 
East Fishkill Facility 
Hopewell Junction, New York 12533 


In 1970, MacDonald et alt demonstrated that Auger electron spectroscopy could be combined 
with scanning electron microscopy to perform chemical analysis on a surface with submicron 
spatial resolution. 


Auger electron spectroscopy is sensitive to the first few monolayers of the surface and re- 
quires a vacuum environment which will minimize contamination of the sample surface by 
polymerization of hydrocarbons. The usual approach is to operate the entire vacuum system 
with a pressure less than 1079 Torr.2 For practical reasons, it is extremely difficult to 
convert an existing SEM to operate at such vacuum levels. However, another approach to 
control the number of hydrocarbons at a sample surface was first demonstrated by Castaing 
etal.” He showed that by directing a stream of gas onto the sample, the buildup of a layer 
caused by the polymerization of hydrocarbon molecules by the incident electron beam could 
be prevented. More recently, Brandis et al” showed this technique could also be used to 
minimize hydrocarbon contamination in a high-resolution SEM utilizing oil diffusion pumps 
and a specimen vacuum environment in the low 107" Torr range. 


The feasibility of controlling the number of hydrocarbon molecules near the surface of the 
sample was demonstrated. This indicated Auger electron spectroscopy could be performed 
in an oil diffusion-pumped SEM, taking advantage of its submicron spatial resolution. 


A Physical Electronics Auger electron spectrometer system was attached to a Cambridge 
Stereoscan equipped with an anticontamination gas jet system. Figure 1 shows the carbon 
contamination buildup on a sputter cleaned surface as a function of time while the electron 
beam scans an area of 10 by 20m. 


The escape depth of 272eV electrons is approximately 104, indicating a carbon buildup rate 
of 0. 5R/ min. In Fig. 2 buildup rate is measured on a thin chromium film. In this case the 
rate was considerably lower, indicating the carbon contamination rate is strongly dependent 
on the sample. In addition, a small Physical Electronics ion sputtering gun was mounted on 
a sideport of the SEM. With this attachment it is now possible to clean the surface or do 
chemical profiling on submicron areas. A feature of the ion gun is that the sputtering rate 
can be adjusted so the electron beam's carbon deposition rate equals the ion gun's removal 
rate when operated without the anticontamination gas jet. 


Directing a stream of argon gas towards the silicon sample stopped carbon buildup. The 
Auger peaks of carbon, as well as silicon, remained unchanged when the sample was 
irradiated for 45 minutes, as shownin Fig. 3. This demonstrates a very practical solution 
to the contamination problem that heretofore prevented Auger electron spectroscopy from 
being a viable scanning electron microscopy technique. 
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THE QUANTITATIVE MICROANALYSIS OF BORON IN TUNGSTEN-BORON SYSTEMS 


I. B. BOROVSKIL 
Baikov Institute, Academy of Science, Moscow, USSR 


The quantitative microprobe analysis of light elements remains 
one of the most difficult analytical problems to date. In particular, 
great difficulties arise in attempting to determine tne content of 
light elements in systems containing elements with atomic numbers 
3 4o, This situation exists due to the lack of accurate values 
. for the Kq radiation of 
element "A" being analyzed as well as the lack of accurate values 


of mass self-absorption coefficients / 


of mass absorption coefficients “ a for K py radiation of light 
elements in matrix "a". If one introduces the corrections into the 
measured intensity ratios of element "A" in the specimen and standard, 
I,/Ig, with the use of any set of the conventional correction formulas 
{ 1], the calculated weight concentration C, of element "Aw will 
depend on the adopted numerical values of PE oe and ex The 
meaning becomes quite obvious if we list, for example, the values of 
E an and 4 ra for the light elements given in table #17 2,304.5 [ ‘ 

The evaluation of all correction formulas indicate that they 
are not suitable for large overvoltage values U = E/Eq? the case 
which happens to exist in the analysis for light elements. As a 
consequence, 4 search for new methods of quantitative analysis is 
still of great importance. 

In our report we shall consider a new method based on the ex- 
trapolation of the value P = c/o , gy ea to the critical excitation 
potential of X-ray characteristic spectra. In this expression I, 


and I, are the intensities of K, + Le » etc. lines of element "A" 


NOTE: This abstract was prepared from Dr. Borovskii's hand written 
notes during the conference so that it could be distributed 
to the attendees. Any error in content, technical or other- 


wise, is the sole responsibility of the printing committee. 


~2 = 


measured in the puan ace Sample and pure element standard respec~= 
tively. The terms i. and iy are the “absorbed electrons” in the 
analyzed sample and pure element standard respectively. The authors 
have checked their method for 165 cases where the analyses were 
for middle and large atomic number elements. The method allows one 
to determine the weight concentration of any element in an analyzed 
sample on the basis of the measured values of P at various Ey and 
does not require a knowledge of the full composition of the paeetner: 
1eOe3 (2 lim P{ = Cy The feasibility of this new method for the 
quantitative Aree of light elements has so far been insufficient- 
ly investigated. in their published paper the authors of this new 
method do not offer a simple and accurate way for the extrapolation 
of the P = f(E,) curves to the critical excitation voltage. In 
our investigation presented here we offer a simple solution which 
we employed for our latest task. 
It is well known from theoretical and experimental research 
that the curves [I = f(E,) have a maximum at the large values of the 
overvoltage VY. The position of this maximum depends on Z and 
Bae In our work (74 we have obtained an analytical expression 
for U which determines the position of Lwax’ it follows from this 
work that in the analyses of the elements of middle and high atomic 
numbers, uSing the K, L or M lines for which Uae. the maximum 
of the I = f(E.) curve is not attained, then the dependence of P 
on Eo is approximately linear. However, for the light elements 
optimum values of U range from 10 to 200 and the maximum of the 
curves are attainable. 

It follows from this reasoning, in order to make an unambiguous 
extrapolation to the excitation potential E_, one must change the 
scale of the Y axis. If we plot the value of Log P versus Eos then, 
the curves with a maximum can be approximated by two intersecting 
Straight lines. The inflection points correspond to the maximum 
values of I at the optimal value of VU. This conclusion has been 
checked for the case of analysis of binary alloys containing boron 
and tungsten. This system is especially difficult to analyze with 
conventional microprobe analysis using conventional formulas for 


the correction. 
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Our first task was to determine an optimal value of U for boron 
which has been analyzed with the use of its Kx band as well as for 
boron in the single-phase samples WoBy WB, and WoBee The theoretical 
calculation aS compared with the experiment gives rise to a maximum 
position shifted toward the higher energies (approximately 10 KV). 
Further, the dependence of the intensity of W Le and WM, lines 
in pure tungsten on the accelerating voltage has been measured within 
the region from 3 to 30 KVe This dependence is about linear for 
the Ly line (A. = 1.48 A°) and has a maximum at 20 KV for the Me 
line ( mn = 6.92 Nae A slight disagreement between the theory and 
experiment for the case of one-phase specimens can be explained by 
the lack of accurate values of the measured absorption coefficients 
for boron and by the fact that in [7] the effect of take-off 
angle has not been taken into account. 

The intensity measurements of BK, bands on one-phase borides 
nave provided the choice of the voltage region which is favorable 
for the quantitative analysis of boron. This region includes an 
optimal value of (/ and a maximum value of intensity; it extends 
from 2 to 15 KV. 

The content of tungsten for the three borides mentioned above 
has been determined with the use of Ly and Mz lines at the acceler- 
ating voltages from 5 to 30 KV taken in 8 steps. Similar we ight 
concentrations of tungsten in these samples have been obtained. 
Figure 3-4 shows the results of boron determination in the sample 
at 2 to 20 KV also taken in 8 steps. For the element boron, Log P 
versus E, is plotted on figure #4, The resulting analyses are given 
in table #2, which is the summary of the quantitative determination 
of the boron and tungsten weight concentrations. It is seen from 
this table that although the tungsten-boron system is extremely 
difficult to analyze, we have obtained rather good results using 
the extrapolation method to determine the content of a light element 
in a heavy matrix. The relative error in boron determination is in 
the region of ~ 1.5% to 5%. The error in tungsten determination is 
rr 0.5% to 2%. 

We can point out that we have found in practical analyses 
the existence of the system WBoe however, we did not find the 


system WB, > in our analyses 8,9,10; « 
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“DOUBLE MIRROR'' X-RAY ANALYZER 
I. B. BOROVSKII, A. T. KOZLENKOV, W. G. BOGDANOV 


Institute of Metallurgy, Academy of Science, Moscow, USSR 


The "double mirror'' method and the apparatus based on this method represent 
the improvements of the differential reflecting filter method (DRFM) which has 
been developed earlier [1, 2} In the conventional DRFM some mirrors of differ- 
ent curvature, angle of incidence and coating material are placed in the path 
of an X-ray primary beam emitted by the specimen (target). The reflected 
beam falls into the detector slit. 

A disadvantage of this method is that the mirror reflects into the detector 
not only the Ka line of the light element to be analyzed, but also part of the 
Ka Line intensity of an element whose Z is greater by unity, if such element 
happens to be present in the specimen. It also reflects the lines of the other 
series as well as the continuous background radiation due to heavier elements 
with wavelengths shorter than the wavelength of Ka radiation of the sought 
element, but longer than the critical wavelength corresponding to the threshold 
of reflection of a given mirror. This is explained by the fact that for all 
known coatings and permissible grazing angles a the reflection coefficient (R) 
near the short wave threshold varies from a maximum to a minimum gradually, 
and the spectral region with which this change takes place, exceeds the wave- 
length separation between the Ka lines of light elements with adjacent atomic 
numbers. 

In the apparatus with a single mirror, the ratio of the intensities of 
the Ka lines recorded by the detector for the adjacent light elements with 
atomic numbers Z and Z + 1 is proportional to the ratio of R (R,/Ro14)> for 
the wavelengths of the Ka lines of these elements. 

When use is made of two consecutively reflecting mirrors having the same 


coating and the same radius of curvature positioned at one and the same angle 


NOTE: This abstract was prepared from Dr. Borovskii's handwritten notes so 
that it would be available for distribution to the attendees during 
the conference, Any error in content, technical or otherwise, is 


the sole responsibility of the printing committee. 
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2 + oe For all known coatings 


is anywhere between 10 and 30. When 


to the incident beam, this ratio becomes (R,/R 
and angles of incidence the ratio R,/Ry 1 
use is made of two identical mirrors arranged in tandem, this ratio is from 

100 to 900, while with n mirrors used it will be from 10" to 30°. This implies 
that in analysis of an element Z by means of two or more series-arranged mirrors 
it is possible to cut off practically all interfering radiation of the element 
with atomic number Z + 1 and the background radiation. The accompanying 
attenuation of the Ka line of the sought element is significant, since the R 

for the wavelength } of the line R " is very near unity. As an example, when 
analyzing boron in B-C compounds or mixtures it is possible to attenuate the 
intensity of C Ky lines by the factor of 100 - 200, whereas the intensity of 

BK line decreases only by 10% - 20%. Figures 1, 2, and 3 illustrate the prin- 
dete of the improved method. 

Figure #1 is the block diagram of the apparatus, #2 is the plot of reflected 
intensity at the output versus the } , #3 is one of the embodiment of the appara- 
tus. There are two concave mirrors, 2 and 3, placed in the path.wof the X-ray 
beam excited in the specimen-target 1. Both mirrors have the same curvature 
and identical coating material; for example, both will be metallic. The choice 
of the coating material is predetermined by the wavelength region, corresponding 
to the light element being analyzed. 

The beam of X-rays emitted in the specimen under electron bombardment 
passes through an opening in the wall separating the specimen chamber and 
mirror chamber (omitted in Fig. #1 and #3) and falls upon the first concave 
mirror 2. The mirror reflects the primary beam of X-rays emitted by the 
specimen-target through an angle aw which is smaller than the angle of total 
external reflection of X-rays in the specified wavelength region. The 
radiation reflected from the mirror 2 strikes the additional concave mirror 3 
at the angle equal to the angle of incidence of the primary beam on the 
entrance mirror 2. The reflected beam is accepted by the detector. It should 
be borne in mind that total angle of deflection (deviation) measured from the 
direction of the primary beam incidence upon the first mirror 2 at the angle a 
amounts to Ya after being reflected from the additional mirror 3, while after 
reflection from n additional mirrors the angle of deflection becomes 2 nq. 


Because the angle a is small, ranging from 2 - 10° and the radius of the mirrors 


ye 


is large, the increase in the angle of deflection from the original direction 
is of considerable importance, since this is what makes possible the elimina- 
tion of background radiation scattered by the mirror holder and other objects. 

In order to eliminate the Ka lines of light elements with atomic numbers 
smaller than that of the element being analyzed, and also to attenuate the 
interfering Lines with a wavelength longer than that of the Ka line of the 
sought element, use may be made of an absorbing filter with films of varying 
thickness fabricated from nitro-cellulose or other material, placed in the 
path of the X-Tvay beam between the additional mirror and the detector. 

Figure #3 shows one of the possible embodiments of an apparatus for 
X-ray microprobe analysis of specimens containing several elements. This 
apparatus has several entrance mirrors 5, 6, 7, and equal number of additional 
mirrors 8, 9, and 10. The entrance mirrors 5-7 are mounted one above the other 
in a mount 11 and set up on a carriage 12 free to move in a vertical direction. 
The mirrors, 5 and 8, 6 and 9, 7 and 10, make up respectively, operating pairs; 
that is, the mirrors in each pair have the same reflecting coating and the same 
curvature. 

The entrance mirrors 5, 6 and 7 differ between each other in the material 
of the coating and the angle they make with the primary beam Uys A, Ay, 
respectively. Thus each mirror reflects X-rays within a specified wavelength 
region. The additional mirror, say 8 in each pair, say 5 and 8, works with 
the reflected beam travelling from the respective entrance mirror 5, the same 
angle which the concave mirror 5 makes with the primary beam of X-rays. By 
moving and placing the carriage 12 in a desired position, the selected mirror, 
say 5, is arranged in the X-ray primary beam, thereby providing the choice of a 
specified wavelength region. Since the entrance mirrors differ in angle of 
incidence, the radiation reflected from the selected first mirror 5 can only 
reach the corresponding stationary additional mirror 8 and then the detector. 

In changing over to analysis of some other element, another mirror, say 6, 
is brought in line with the primary beam, so that X-rays reflected by this mirror 
strike the additional mirror 9, and then reach the detector. 

The additional advantage of the apparatus is that the angle of incidence 
on each of the entrance mirrors is maintained exactly constant. The design of 


the new microprobe analyzer was based on the principle described above. The 


apparatus is comprised of two channels with the mirror arranged in a common 
volume with four gas-filled proportional counters to detect the radiation 
reflected by the entrance and output mirrors in each channel, two titanium 
vacuum pumps, high-voltage supplies, amplifiers and other electronic means, 
The new apparatus* is shown in figure #4. The X-ray beam is excited under 
the following conditions: Accelerating voltage is from 5 to 15 KV; beam 
current 20 - 300 pA, 6 concave mirrors, 3 for each channel. The coating 
materials are Al, Cr, Au and polystyrene. 

The results of preliminary experiments have shown that all advantages 
of the reflection filter method were the same as in the earlier designed 
analyzer with 4 single mirror (very high intensity) while the signal to 
background radiation has varied from 50 or more. As a result of our improved 
design we have experienced an increase in the limit of detectibility for the 


elements beryllium, boron and carbon in alloys to 0.1%. ‘to 0.05%. 
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